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ABSTRACT 
The replacement of conventional, petroleum-derived jet fuels with alternative jet fuels 
plays an important role in climate change mitigation, economic security, and energy independence. 
To ensure that alternative jet fuels can replace conventional jet fuels without engine modification, 
new fuels must be certified, a lengthy and expensive process. Understanding what fuel properties 
rate-limit the combustion process across a variety of engine-relevant operating conditions can 
dramatically shorten fuel certification times and decrease testing costs. The central objective of 
this work is to determine which fuel properties govern whether alternative jet fuels behave 
similarly to conventional jet fuels across different gas turbine-relevant regimes. 
The first part of this work focuses on the characterization of the spray and the flame 
dynamics and structure near the lean blowout (LBO) limit, when fuel flow rate is decreased to the 
point at which the flame is extinguished. To study spray droplet distributions at this condition, a 
2D phase Doppler anemometer (PDA) is used to characterize alternative jet fuels’ sprays and 
compare them to the Jet-A fuel spray in a realistic single-cup swirl-stabilized ‘referee’ combustor, 
under the umbrella of the Aviation Sustainability Center’s National Jet Fuels Combustion 
Program. Average OH* chemiluminescence images are used to determine flame structure and 
dynamics with the goal of correlating spray characteristics with flame location. The alternative jet 
fuels studied exhibit unusual properties; a low cetane number fuel and a flat distillation curve fuel 
are compared to conventional Jet-A. Profiles of the SMDs reveal only minor differences between 
the fuel spray distributions, but OH* imaging revealed significant differences in the overall flame 
structure, dynamics, and stabilization mechanisms between the three fuels. 
The second part of this work is focused on studying the effects of variation in fuels and 
fuel properties under conditions that simulate a high-altitude relight scenario, where the engine 
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needs to be restarted at high altitudes. Ignition probability measurements are made for a range of 
conventional and alternative jet fuels on a swirl-stabilized combustor, modeled on the NJFCP 
referee combustor, in a high-altitude chamber. The combustor, the Army Research Combustor-L1, 
was designed with input from engine OEMs to replicate key geometric features of the referee 
combustor while still maintaining simplicity for easier machining and offering better optical access 
than the referee combustor. Correlations between ignition probability and fuel properties show the 
strongest relationship for fuel properties related to atomization (viscosity, surface tension) and 
vaporization (temperature at 20% distillation, flash point). 
The final aspect of this research focuses on the use of X-ray phase-contrast imaging and 
X-ray radiography to study the breakup of sprays at conditions near the LBO limit in a model gas 
turbine combustor. First, these techniques are employed to examine the breakup of a water spray 
from a pressure-swirl atomizer in a single-sector, model gas turbine combustor. The combustor, 
the Army Research Combustor-M1, was designed with input from engine OEMs to replicate the 
key geometric features of a single combustor cup of a helicopter-sized engine. X-ray techniques 
are useful diagnostics particularly useful for studying sprays near the tip of the nozzle, where the 
spray is too dense for more powerful techniques, like PDA, to be effective. Phase-contrast imaging 
at 100 kHz is used to qualitatively examine the breakup of the water across three different liquid 
supply pressures. Measures of average droplet size, obtained from image processing, show that the 
droplet size decreases as the liquid supply pressure increases, and the droplet velocity magnitude 
also increases with increasing supply pressure. X-ray radiography is used to calculate the optical 
depth of the water spray across the three supply pressures, showing spray cone broadening with 
increasing liquid supply pressure. 
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To examine spray breakup under more realistic conditions using real fuels, X-ray phase-
contrast imaging is conducted at 90,517 Hz on a fuel spray to characterize the breakup of the bulk 
fuel into ligaments and then individual droplets under combusting conditions. Phase-contrast 
imaging is used to qualitatively assess spray breakup for two fuels: conventional Jet-A, which 
represents a normal viscosity fuel, and a blend of 64% by volume JP-5 and 36% by volume 
farnesane, which represents a high viscosity fuel. The two fuels are tested at three flow rates and 
two air inlet preheat temperatures. The high viscosity fuel is qualitatively observed to have 
markedly longer ligaments and larger diameters of the droplets after the primary breakup than the 
normal viscosity fuel. The same image processing and quantification strategy to assess spray 
breakup as for the water spray measurements is employed. The increase in preheat temperature 
from 50°C to 100°C results in an increase in the mean droplet velocity magnitude and a decrease 
in numerical average and SMD, meaning atomization improves. The high viscosity fuel was found 
to have larger average diameters at each test condition than the normal viscosity fuel. The effect 
on atomization from the increased preheat temperature was found to have a much greater effect on 
change in mean droplet sizes than the difference in the viscosities of the fuels at the same condition. 
The increased preheat is found to enhance the combustion efficiency, which is hypothesized to 
couple with the improved atomization due to the higher combustion temperatures. Examining 
spray atomization and breakup under realistic combusting conditions for relevant fuels is important 
as it directly couples with the atomization of the fuels. Overall, this work provides valuable insight 
into the effects of fuel properties on combustor performance, which provide valuable tools that can 





















To Emily Jo 
vi 
ACKNOWLEDGMENTS 
There are countless people who have made my five-year journey towards this milestone 
both possible and enjoyable. First, I would like to thank my research advisor, Dr. Tonghun Lee, 
for investing so much time and energy in me throughout my graduate studies. I am extremely 
fortunate to have had the opportunity to work for you and be mentored by you as you always 
treated me with kindness and supported me. I look forward to working with you in the future, and 
I will always be there when you need a favor. I would also like to thank the members of my doctoral 
committee: Dr. J Craig Dutton, Dr. Leonardo Chamorro, and Dr. Hae-Won Park for their time and 
valuable suggestions, which greatly improved my work. 
 I would like to thank all my collaborators who made this work possible: Dr. Scott Stouffer 
(UDRI), Tyler Hendershott (UDRI), Dr. Andrew Caswell (AFRL), Dr. Paul Wrzesinski (AFRL), 
Dr. Jacob Temme (ARL), Dr. Alan Kastengren (ANL), and Dr. Katie Matusik (ANL). I have 
learned so much from each one of you, and I truly enjoyed our interactions. I am extremely 
indebted to Michael “Hodge” Harland and the School of Chemical Sciences machine shop. Hodge 
has consistently helped me turn half-baked design ideas into full-fledged pieces of experimental 
equipment. I would like to thank the current and former members of the MechSE business office: 
Laura Reardon, Laurie Macadam, and Robbie Vermillion for putting up with my steady streams 
of purchase and reimbursement requests. Thank you to MechSE graduate student coordinator, 
Kathy Smith, for helping me navigate all of requirements to complete my degree. 
 I would like to thank the members of the Laser Diagnostics Laboratory for Advanced 
Energy and Propulsion Research for all the support and friendship they have provided throughout 
my years at the University of Illinois. First, I would like to thank Dr. Stephen Hammack for 
teaching and mentoring me through the first two years of my graduate program. To Dr. Daniel 
vii 
Valco, my five-year officemate, we truly had some great times. Thank you to Dr. Qili Liu for your 
immense help in the design and construction of the ARC-M1 and ARC-L1 combustors used in this 
work. I would also like to thank Constandinos Mitsingas, Brendan McGann, Dr. Rajavasanth 
Rajasegar, and Anna Oldani for their significant effort and the long hours they put in to make the 
Argonne campaigns as smooth and successful as possible. I am very grateful to Siddhartha Jahorie 
for his help in analyzing data, even on short notice. Finally, I would very much like to thank Eric 
Wood, without whose hard work and dedication, I would have had a much harder time completing 
this work. 
 To my family, thank you for you love and support not just through my degree, but 
throughout my entire life. Scott and Kelly, you have always helped me have fun and keep things 
light especially when I am feeling stressed; thank you for helping me keep things in perspective. 
To my parents, thank you for your support and guidance. You have been an inspiration to me, and 
I am forever grateful. Finally, I would like to thank my wife, Dr. Emily Jo. You have always been 
there for me through the good times and the hard times; the five years that we spent together in 
graduate school have been the happiest of my life. 
  
viii 
Table of Contents 
 
List of Figures ................................................................................................................................ x 
List of Tables ............................................................................................................................. xvii 
Chapter 1. Introduction ............................................................................................................. 1 
1.1. Background and Motivation ............................................................................................. 1 
1.2. Brayton Cycle Analysis for Aircraft Engines .................................................................. 5 
1.2.1. Engine Operation Mapping onto Combustor Inlet Conditions ................................. 6 
1.3. Gas Turbine Combustion ................................................................................................. 8 
1.3.1. Fundamentals of Spray Atomization ........................................................................ 9 
1.3.2. Fundamentals of Fuel Droplet Vaporization........................................................... 13 
1.3.3. Fundamentals of Chemical Reaction, Heat-Release, and Fuel Reactivity .............. 15 
1.4. Research Objectives ....................................................................................................... 18 
1.5. Summary of Dissertation ................................................................................................ 20 
Chapter 2. Experimental Facilities ......................................................................................... 21 
2.1. NJFCP Referee Combustor ............................................................................................ 21 
2.2. Army Research Laboratory Altitude Chamber .............................................................. 24 
2.2.1. Army Research Combustor-L1 ............................................................................... 27 
2.3. Argonne National Laboratory: Advanced Photon Source.............................................. 31 
2.3.1. Army Research Combustor-M1 .............................................................................. 33 
2.3.2. ARC-M1 Operation ................................................................................................ 41 
Chapter 3. Characterization of Alternative Jet Fuel Spray Flames Near Lean Blowout . 43 
3.1. Introduction .................................................................................................................... 43 
3.2. Experimental Methods: Spray Flame Characterization Near LBO ................................ 46 
3.2.1. Fuel description ....................................................................................................... 46 
3.2.2. Referee Combustor Operating Conditions .............................................................. 47 
3.2.3. Phase Doppler Particle Analyzer ............................................................................ 48 
3.2.4. OH* Chemiluminescence Imaging ......................................................................... 54 
3.3. Results and Discussion ................................................................................................... 54 
3.3.1. Sensitivity of SMD to Cutoff Diameter .................................................................. 55 
3.3.2. Comparison of Fuel Droplet Diameters .................................................................. 57 
3.3.3. Droplet Velocity Spatial Distributions.................................................................... 62 
3.3.4. OH* Chemiluminescence Imaging ......................................................................... 66 
3.4. Conclusions .................................................................................................................... 78 
ix 
Chapter 4. Ignition of Conventional and Alternative Jet Fuels at Altitude Conditions .... 81 
4.1. Introduction .................................................................................................................... 81 
4.2. Experimental Methods: High-Altitude Relight Experiments ......................................... 82 
4.2.1. High-Altitude Ignition Probability Measurement Procedure .................................. 83 
4.2.2. Conventional and Alternative Jet Fuels Tested ...................................................... 84 
4.2.3. Diagnostics .............................................................................................................. 85 
4.3. Results and Discussion ................................................................................................... 89 
4.4. Conclusions .................................................................................................................... 96 
Chapter 5. Water Spray Breakup Characterization in the ARC-M1 ................................. 97 
5.1. Introduction .................................................................................................................... 97 
5.2. Experimental Methods: Water Spray Characterization in the ARC-M1........................ 97 
5.2.1. Analysis of Phase-Contrast Imaging ..................................................................... 101 
5.2.2. Analysis of the X-ray Radiography ...................................................................... 104 
5.3. Results and Discussion ................................................................................................. 106 
5.3.1. High-Speed Phase-Contrast Imaging of Water in the ARC-M1 ........................... 106 
5.3.2. Conclusions ........................................................................................................... 116 
Chapter 6. Spray Breakup of Jet Fuels Under Combusting Conditions .......................... 117 
6.1. Introduction .................................................................................................................. 117 
6.2. Experimental Methods ................................................................................................. 117 
6.2.1. ARC-M1 Operating Conditions ............................................................................ 117 
6.3. Results and Discussion ................................................................................................. 119 
6.3.1. Fuel Spray Breakup Process in a Pressure-Swirl Atomizing Nozzle ................... 119 
6.4. Conclusions .................................................................................................................. 131 
Chapter 7. Conclusions and Future Work........................................................................... 133 
7.1. Conclusions .................................................................................................................. 133 
7.2. Future Work: Characterization of Jet Fuel Spray Flames in the ARC-M1 .................. 137 
References .................................................................................................................................. 139 
Appendix A: Standard Operating Procedure for the ARC-M1 ........................................... 147 
  
x 
List of Figures 
Figure 1.1. Breakdown of US Department of Defense energy consumption and USAF 
energy costs reproduced according to USAF [15] ..................................................... 3 
Figure 1.2. Schematic describing the ASTM D4054 new jet fuel approval process ................... 4 
Figure 1.3. Schematic of the National Jet Fuels Combustion Program goals, interactions, and 
synergies .................................................................................................................... 5 
Figure 1.4. Schematic of temperature versus specific entropy plot of an ideal, modified 
Brayton cycle (left) with the stations for the Brayton cycle noted on the 
schematic of a typical turbofan engine ...................................................................... 6 
Figure 1.5. Combustor inlet conditions at different engine operating conditions (left) and the 
combustion operation regime based on the inlet conditions (right) ........................... 7 
Figure 1.6. Schematic of the combustion process in a swirl-stabilized gas turbine combustor 
through each phase of the spray combustion process: 1) atomization, 2) 
vaporization, 3) turbulent mixing, and 4) chemical reaction and heat release .......... 8 
Figure 1.7. Schematic of a simple pressure-swirl atomizer with the slots or holes depicted 
with inflowing fuel, marked by blue arrows (left) and the swirl chamber and 
discharging fuel from the nozzle (right) .................................................................... 9 
Figure 2.1. Referee combustor outer chamber with flow direction from left to right [52]. ....... 22 
Figure 2.2. Cutaway of the single-cup referee combustor with the origin taken at the 
intersection of the centerline of the combustor and the front plane of the deflector 
plate (marked in the figure on the left); photograph of the referee combustor 
during steady combustion (right). ............................................................................ 23 
Figure 2.3. Altitude chamber at the Army Research Laboratory at Aberdeen Proving Ground
.................................................................................................................................. 25 
Figure 2.4. Schematic of the fuel supply system for the altitude relight experiments 
conducted at ARL. ................................................................................................... 26 
Figure 2.5. Comparison of a photograph of the top liner for the referee combustor (left) with 
a solid model of the top liner for the ARC-L1 (right).............................................. 27 
Figure 2.6. Average Schlieren image in the referee combustor showing the regions of 
effusion air compared to the penetration into the bulk flow of the dilution jets ...... 28 
Figure 2.7. Solid models of the combustor dome hole pattern for the ARC-L1 (left) and the 
referee combustor (right) ......................................................................................... 29 
xi 
Figure 2.8. Photograph of the Army Research Combustor-L1 mounted to the exhaust duct 
in the altitude chamber at the Small Engine Research Facility; UV fused silica 
window as one wall is utilized for high-speed imaging. .......................................... 29 
Figure 2.9. Photograph of the ARC-L1 fitted with the liner with the fused silica window. ...... 30 
Figure 2.10. Aerial photograph of the Advanced Photon Source (left) and a photograph of the 
beamline 7BM-B (right) .......................................................................................... 31 
Figure 2.11. ARC-M1 CAD model cross-section with major dimensions (top) and a 
photograph of the ARC-M1 in combustion-ready configuration ............................ 34 
Figure 2.12. Photograph of the two-row fully radial swirler used in the ARC-M1. .................... 36 
Figure 2.13. Scatter plot of the measured pressure drop as a function of main air flow rate 
(through the swirler and dome) with the polynomial fits for two different nominal 
air preheat temperatures. .......................................................................................... 37 
Figure 2.14. Measured fuel mass flow rate as a function of the square root of pressure 
difference across the nozzle for the flow capacity 0.3 nozzle (PN: 1/4LNN-
316SS.30) ................................................................................................................. 40 
Figure 2.15. The ARC-M1 fuel cart is used to store up to three different fuels in piston 
accumulators, which can be used to rapidly change the fuel being used during 
testing (left); a schematic of the fuel accumulator used for supplying fuel to the 
combustor (right). .................................................................................................... 41 
Figure 3.1. LBO equivalence ratio as a function of cetane number as measured by Stouffer 
et al. [75] in the referee combustor .......................................................................... 44 
Figure 3.2. Cutaway of the single cup referee combustor with the origin taken at the 
intersection of centerline of the combustor with the front plane of the deflector 
plate as marked. ....................................................................................................... 49 
Figure 3.3. Schematic of the mean-subtracted Doppler burst signal at detectors 1 and 2 (left) 
and a schematic of the receiver mask and detector locations (right) ....................... 50 
Figure 3.4. Schematic of the geometry of the transmitting and receiving optics used in the 
PDA measurements .................................................................................................. 51 
Figure 3.5. Phase difference plot with accepted data plotted compared with the theoretical 
phase ratio lines. The 2π ambiguity is demonstrated by the points in the lower 
right corner where the phase difference measured between detectors 1 and 2 is 
matched to a phase difference between detectors 1 and 3. ...................................... 52 
Figure 3.6. Plot of spherical validation rate and accepted data collection rate as a function of 
position for the A-2 spray at 5 mm downstream of the deflector plate. Spherical 
xii 
validation rate dips to a minimum at the densest part of the spray, indicating that 
droplets are less likely to be spherical in the dense spray zone. .............................. 53 
Figure 3.7. Data collection rate versus y-position at various axial locations for A-2 at 
φ=0.096 .................................................................................................................... 55 
Figure 3.8. SMD as a function of y position at z=5 mm for A-2 as a function of maximum 
droplet size used for the calculation of the SMD ..................................................... 56 
Figure 3.9. SMD, number fraction cut off, volume fraction cut off, and surface area fraction 
cut off plotted against the cutoff diameter ............................................................... 57 
Figure 3.10. Sauter mean diameter profiles (top) and representative cumulative density plots 
at representative locations (bottom). The cumulative density plots are plotted for 
the locations marked by the dashed blue lines on the top plot................................. 59 
Figure 3.11. ASTM D2887 distillation curves for the three fuels tested. .................................... 60 
Figure 3.12. Comparison of SMD profiles for two fuels at two equivalence ratios at z = 5 mm 
downstream of the deflector plate, revealing that there is very little difference in 
the spray droplet diameter distribution (as summarized by the SMD) on approach 
to LBO ..................................................................................................................... 62 
Figure 3.13. A-2 fuel droplet D32, mean radial, axial, and tangential velocity distributions. 
Error bars outline 2 standard deviations from the mean of the distribution, 
indicating the range of droplet velocities measured. ............................................... 64 
Figure 3.14. Mean radial velocity profiles (left) and mean axial velocity profiles (right) for 
the three test fuels. Radial velocity is plotted as a function of y position at 0 mm, 
5 mm, and 10 mm downstream of the deflector plate for each fuel. Axial velocity 
is plotted versus y position for each fuel 5 mm downstream of the deflector plate
.................................................................................................................................. 65 
Figure 3.15. Comparison of axial and radial velocity profiles for A-2 and C-5 at two 
equivalence ratios at z = 5 mm downstream of the deflector plate. Very little 
difference between the axial and radial velocity profiles is observed between the 
two equivalence ratios.............................................................................................. 65 
Figure 3.16. Average OH* chemiluminescence images. Average normalized OH* image of 
C-1 (upper left), average normalized OH* image of A-2 (upper right), and 
average normalized OH* image of C-5 (lower). The droplet SMD distributions 
are plotted at their measurement location with the SMD magnitude indicated by 
size of the red circle. ................................................................................................ 67 
Figure 3.17. Average OH* chemiluminescence image compared with the data collection rates 
for C-1 at a global equivalence ratio of 0.096. The size of the red circles scales 
with the data collection rate; the inner edge of spray cone, as marked by the data 
collection rate, spatially correlates to the outer edge of the average flame. ............ 69 
xiii 
Figure 3.18. OH* chemiluminescence imaging time series over 3 ms for C-1, which 
corresponds to an equivalent frame rate of 5 kHz. C-1 is a very stable flame that 
tends to stablize exclusively on the inner edge of the spray cone. .......................... 70 
Figure 3.19. OH* chemiluminescence imaging time series over 3 ms for A-2, which 
corresponds to an equivalent frame rate of 5 kHz. A-2 stabilizes both on the inner 
edge of the spray cone and in the recirculation zones, which produces the marked 
assymetry in the average OH* structure. ................................................................. 71 
Figure 3.20. OH* chemiluminescence imaging for nearly one full period of the flame 
oscillation in the highly oscillatory combustion mode for C-5................................ 72 
Figure 3.21. OH* chemiluminescence time-series for the second, more stable, C-5 
combustion mode. .................................................................................................... 73 
Figure 3.22. Close-up time series images of the flame stabilized on the inner edge of the spray 
cone in the C-1 flame. This flame stabilization mode is present for all three fuels 
but is most easily recognizable for C-1 as it is the only flame stabilization mode 
present. ..................................................................................................................... 74 
Figure 3.23. Close-up time series images of the flame recirculation evident in the lower half 
of the A-2 flame; the blue and red regions marks flame features that all rotate 
counter-clockwise around the high-intensity flame feature at the center of the 
image. The marked yellow feature is part of the flame that is stabilized on the 
inner edge of the spray cone. ................................................................................... 75 
Figure 3.24. OH* chemiluminescence normalized intensity (by the maximum possible 
intensity) over time. A-2 exhibits a relatively stable, higher intensity flame, C-1 
exhibits a very stable, low intensity flame, and C-5 exhibits a highly oscillatory, 
high intensity flame. C-5 exhibits two combustion modes as well, evident in the 
first and second halves of the C-5 normalized intensity plot. .................................. 76 
Figure 3.25. Fourier transforms of the mean-subtracted, normalized intensity over time for 
each of the fuels. Each flame exhibits a peak at 264 Hz, though the C-1 flame’s 
peak at 264 Hz is smaller than other peaks in the frequency spectrum. C-5 also 
exhibits second (528 Hz) and third harmonics (787 Hz) of the primary oscillation 
frequency.................................................................................................................. 78 
Figure 4.1. Schematic of the two possible igniter locations relative to the deflector plate. For 
the experiments presented in this work, the downstream igniter location is used. .. 84 
Figure 4.2. Photograph of the LaVision High Speed IRO and Photron SA-X2 inside of an 
environmental enclosure to protect the equipment from the cold temperatures 
and low pressures inside of the altitude chamber. ................................................... 85 
Figure 4.3. Example photodiode trace of sparks and a successful ignition. Orange lines mark 
the sparks, the red line marks the photodiode signal of the first two periods of 
xiv 
the flame between sparks, and the blue marks the photo diode signal with the 
sparks removed. ....................................................................................................... 86 
Figure 4.4. Photograph of the exterior of the camera environmental enclosure and the ports 
in the stainless-steel blank that are used to make temperature and pressure 
measurements during the experiments. .................................................................... 87 
Figure 4.5. Thermocouple measurements along the centerline for a successful ignition for 
A-1 fuel at a global equivalence ratio of ϕ = 1.054. ................................................ 88 
Figure 4.6. Fuel temperature measurement at the nozzle plotted with the fuel pressure 
measurement for a successful ignition for A-1 fuel at a global equivalence ratio 
of ϕ = 1.054. ............................................................................................................. 88 
Figure 4.7. OH* imaging of the growth of the A-1 kernel into a full flame at an equivalence 
ratio of ϕ = 1.054. Images shown at an interval of 5.0 ms, corresponding to a 
frame-rate of 200 Hz. ............................................................................................... 90 
Figure 4.8. OH* imaging of the growth of the A-1 kernel into a full flame at an equivalence 
ratio of ϕ = 0.825. Images shown at an interval of 10.0 ms, corresponding to a 
frame-rate of 100 Hz. ............................................................................................... 91 
Figure 4.9. Ignition probability as a function of equivalence ratio for five jet fuels with the 
binomial regression fits plotted as dashed lines. ...................................................... 93 
Figure 4.10. Equivalence ratio at 1.6% and 17.5% single-shot ignition probability plotted as 
a function of fuel kinematic viscosity and surface tension with the linear fits ........ 94 
Figure 4.11. Ignition probability plotted as a function of temperature at 20% distillation and 
flash point temperature for the measured fuels from the ASTM D2887. ................ 94 
Figure 4.12. Scatter plot of equivalence ratio at two ignition probabilities for each fuel plotted 
against the CN. There is no correlation between the ignition probability and CN.
.................................................................................................................................. 95 
Figure 5.1. The ARC-M1 gas turbine sector rig mounted on a traverse on the beamline 7BM-
B for measurements of x-ray phase-contrast imaging and x-ray radiography ......... 98 
Figure 5.2. Schematic of the phase-contrast imaging setup used at the beamline 7BM .......... 100 
Figure 5.3. Image processing steps for calculating droplet diameters and displacements ....... 102 
Figure 5.4. Diameter calculated from perimeter plotted against the diameter calculated from 
the area for each flow rate and liquid supply pressure with the theoretical line. ... 103 
Figure 5.5. Sample plots of measured x-ray intensity on the photo detector as a function of 
time for a completely unobstructed point (left), a partially obstructed point 
(center), and a largely obstructed point (right) ...................................................... 105 
xv 
Figure 5.6. An example of good photo detector intensity data (left) and a histogram of the 
phot detector intensity (right). The most probable value in the histogram is used 
as the baseline x-ray intensity. ............................................................................... 106 
Figure 5.7. Time-series of the phase-contrast imaging for the water at a flow rate of 45.4 
g/min and supply pressure of 55.5 psig; this pressure differential results in 
relatively poor atomization of the droplets, which results in ligaments and large 
droplets passing through the imaging region. ........................................................ 108 
Figure 5.8. Time-series of the phase-contrast imaging for the water at a flow rate of 61.7 
g/min and supply pressure of 124 psig; this pressure differential results in finer 
atomization of the water, but some ligaments are still observed passing through 
the imaging region. ................................................................................................ 109 
Figure 5.9. Time-series of the phase-contrast imaging for the water at a flow rate of 75.4 
g/min and supply pressure of 187.6 psig; the pressure differential results in very 
fine atomization of the water spray. ....................................................................... 110 
Figure 5.10. Detailed time-series of the phase-contrast imaging for the water at a flow rate of 
43.5 g/min using every other image to increase the amount of motion between 
frames. .................................................................................................................... 111 
Figure 5.11. Cumulative distribution of the droplet diameters calculated for each water flow 
rate.......................................................................................................................... 112 
Figure 5.12. Mean velocity magnitude and droplet numerical average (D10) and Sauter mean 
diameter (D32) plotted as a function of the water flow rate .................................. 113 
Figure 5.13. Histograms of the calculated droplet x-velocities and y-velocity magnitude for 
each flow rate. ........................................................................................................ 114 
Figure 5.14 Average optical depth as a function of x-position for each measured downstream 
location at each liquid supply pressure. ................................................................. 115 
Figure 6.1. Photograph of the ARC-M1 as mounted at the Advanced Photon Source 
Beamline 7-BMB while combusting ..................................................................... 118 
Figure 6.2. X-ray phase-contrast imaging time series of A-2 at 16.2 g/min with 100°C 
preheat air temperature. Every third frame is shown to better visualize the spray 
motion for an equivalent frame rate of 30,172 Hz. ................................................ 121 
Figure 6.3. X-ray phase-contrast imaging time series of A-2 at 24.1 g/min with 100°C 
preheat air temperature. Every third frame is shown to better visualize the spray 
motion for an equivalent frame rate of 30,172 Hz. ................................................ 122 
Figure 6.4. X-ray phase-contrast imaging of the C-3 fuel at a fuel flow rate of 16.2 g/min 
with a 100°C preheat. Every third frame is shown to better visualize the spray 
motion for an equivalent frame rate of 30,172 Hz. ................................................ 123 
xvi 
Figure 6.5. X-ray phase-contrast imaging time series of C-3 at 24.1 g/min with 100°C 
preheat air temperature Every third frame is shown to better visualize the spray 
motion for an equivalent frame rate of 30,172 Hz. ................................................ 124 
Figure 6.6. Comparison of the time-series images for C-3 and A-2 at a fuel flow rate of 16.2 
g/min at 100°C preheat temperature ...................................................................... 125 
Figure 6.7. Mean magnitude of velocity plotted against fuel flow rate for each fuel and 
preheat temperature ................................................................................................ 126 
Figure 6.8. The numerical diameter average, D10, plotted against fuel flow rate for each fuel 
and preheat temperature. ........................................................................................ 127 
Figure 6.9. The D32 calculated at each fuel flow rate for each fuel at each preheat 
temperature. ........................................................................................................... 127 
Figure 6.10. The mean Weber number plotted against fuel flow rate for each fuel and each 
preheat temperature ................................................................................................ 128 
Figure 6.11. Combustion efficiency plotted as a function of fuel flow rate for each fuel and 




List of Tables 
Table 2.1. ARC-M1 passage flow area ..................................................................................... 36 
Table 3.1. Key properties of the fuels tested............................................................................. 47 
Table 4.1. Chamber air temperature and pressure as a function of altitude .............................. 83 
Table 4.2. Additional NJFCP fuel properties ............................................................................ 84 
Table 5.1. ARC-M1 test conditions studied .............................................................................. 99 
Table 6.1. Summary of ARC-M1 operating conditions with error bars that represent ........... 118 
Table 6.2. Average nozzle temperature and viscosity at the simulated nozzle temperature 




Chapter 1. Introduction 
1.1. Background and Motivation 
Beginning with the Industrial Revolution, demand for readily available energy sources 
exploded. For stationary applications, such as for manufacturing or electricity generation, water 
and wind could be readily harnessed sources of energy. However, beginning with the invention of 
the steam-powered engine, primarily as it was applied to transportation (e.g. locomotives and 
steamboats), a portable source of energy was required. Coal and then, with the advent of the 
automobile and airplane, petroleum-derived fuels became essential resources for human 
transportation. Gradually, coal, as a means of powering transportation, was phased out in favor of 
petroleum-derived liquid fuels, which are more conveniently refined, stored, and transported. 
Since then, extracted liquid fossil fuels have been integral to the world’s transportation 
infrastructure. Petroleum-based fuels are refined from crude oil, and since crude oil feedstocks 
vary depending on the extraction location, the resulting fuels vary in composition even within the 
same nominal fuel type. Petroleum fuels are divided up into three fuel categories: gasoline, which 
typically contains compounds with 5-12 carbon atoms, kerosene, which contains compounds with 
7-16 carbon atoms, and diesel, which contains compounds 10-22 carbon atoms [1]. The carbon 
chain length variation results in differences in energy density for each fuel type.  Energy density 
is relevant for both electrical power generation and land-based transportation; however, it is one 
of the most important considerations in choosing an energy source in aviation as the entire energy 
supply required must be carried onboard without occupying too much volume. Even with advances 
in battery technology, these liquid fuels have unparalleled energy density, ease of manufacture, 
storage, and distribution, making liquid fuels the clear choice for use in aviation applications. 
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While the energy content of liquid fuels makes them the only truly viable means of 
supplying energy for powered flight, the burning of petroleum-derived fuels has harmful effects 
on the environment. Harmful pollutants, in the form of sulfur oxides (SOx), nitrogen oxides (NOx), 
carbon monoxide, and unburned hydrocarbons (UHCs), are products of the combustion of 
hydrocarbon fuels and present major health hazards to people [2]. The burning of fossil fuels 
produces carbon dioxide and other greenhouse gases that contribute to global warming [3]. In 
addition to offering emission reductions compared to conventional petroleum-derived fuels [4-7], 
fuels generated from alternative feedstocks, such as biomass, also offer aviation fuel sources that 
are independent of extracted crude oil. Demand for aviation fuel continues to rise as passenger 
traffic continues to increase [8], and while the specific timeframe for Peak Oil, the point at which 
petroleum production will peak and then begin to decline as the remaining oil becomes 
increasingly difficult to extract, is now hotly contested [9], alternative feedstocks offer a renewable 
means to increase supply. Climate change mitigation, economic concerns, and national energy 
security have motivated the research, development, and deployment of alternative jet fuels [8, 10-
12]. 
Much of the initial push for the switch to alternative fuel sources has been advanced by the 
US Department of Defense (DoD) with the aim of achieving energy independence and economic 
security for American military forces. All three major branches of the military have outlined plans 
to improve energy resilience by increasing access to energy resources, with one area of focus being 
alternative fuels that can be integrated into the petroleum-based fuel supply [13-15]. The United 
States Air Force estimates that it accounts for 48% of the DoD’s energy consumption, and about 
86% of their total energy cost comes from aviation fuel, as shown in Figure 1.1 [15]. In their 2017 
Energy Flight Plan, the Air Force outlined a strategic objective to increase their use of alternative 
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jet fuel blends by 2025 [15]. In 2010, the US Navy started an initiative to integrate alternative fuels 
into their supply, with the goal of achieving 50% replacement of petroleum fuels with bioderived 
fuels by 2020 [13].  
 
 
Figure 1.1. Breakdown of US Department of Defense energy consumption and USAF energy costs 
reproduced according to USAF [15] 
 
It is desired for both military and commercial applications that the replacement of 
conventional jet fuels with alternative jet fuels requires no retrofitting of aircraft engines. As 
outlined in the ASTM D4054 approval process [16], shown in Figure 1.2, these drop-in fuels must 
satisfy specific fit-for-purpose requirements as well as perform within acceptable operability 
limits. A total of five alternative fuel conversion pathways have been approved according to the 
ASTM D4054 certification: the Fischer-Tropsch fuels (2009), hydroprocessed esters and fatty 
acids (2011), synthetic iso-paraffinic fuel (2014), synthetic paraffinic kerosene-containing 
aromatics (2015), and alcohol-to-jet (2016) [17]. However, certification of new alternative fuels 
that can meet the exacting standards is both time-consuming and expensive, and these factors are 
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Figure 1.2. Schematic describing the ASTM D4054 new jet fuel approval process 
 
The Aviation Sustainability Center’s (ASCENT) National Jet Fuels Combustion Program 
(NJFCP) was initiated to dramatically reduce this approval time and cost by studying the effects 
of the physical and chemical properties of these alternative jet fuels under realistic combusting 
conditions to help verify that these fuels will be compatible with current energy conversion 
systems [17]. Two program goals were set at the outset of the program: 1) to provide benchmarks 
for fuel properties developed from fundamental combustion experiments and 2) to provide tools 
in the form of advanced models to engine and component manufacturers.  The research presented 
in this work was largely conducted as a part of the NJFCP on the experimental side to attain the 
first goal outlined previously, and much of it provided data for model validation. The NJFCP, as 
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outlined in Figure 1.3, has contributed significantly to the development of tools and benchmarks 
that will decrease required time and cost of approving new alternative jet fuels [18]. 
 
 
Figure 1.3. Schematic of the National Jet Fuels Combustion Program goals, interactions, and 
synergies 
 
1.2. Brayton Cycle Analysis for Aircraft Engines 
Aircraft engines operate based on a modified Brayton thermodynamic cycle; an idealized 
modified Brayton cycle is displayed in Figure 1.4, along with the stations noted on an engine 
schematic. In an idealized Brayton cycle for a turbofan engine, air is compressed isentropically 
from the free stream through the diffuser, fan, low-pressure compressor, and then the high-pressure 
compressor. The air then enters the combustor with inlet conditions corresponding to station 3: 
temperature, 3T , and pressure, 3P , where fuel is sprayed, and combustion occurs, increasing the 
temperature at constant pressure. The combustion products enter the turbine, where work is 
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extracted to supply power to the fan and compressors. The still hot air exits the nozzle at high 
velocity at the freestream pressure. Other types of engines, turbojets, turboprops, and turboshafts 
operate on very similar principles with only slight modifications in the thermodynamic cycle. 
 
Figure 1.4. Schematic of temperature versus specific entropy plot of an ideal, modified Brayton 
cycle (left) with the stations for the Brayton cycle noted on the schematic of a typical turbofan 
engine 
 
1.2.1. Engine Operation Mapping onto Combustor Inlet Conditions 
Based on an aircraft’s point in flight, the engine requires different amounts of thrust, and 
the phases of engine operation can be mapped according to the combustor inlet temperature and 
pressure. These combustor inlet conditions correspond to different combustion regimes, which 
can be probed in fundamental experiments. Three different combustion regimes were set out as 
essential for further study and are called figures of merit [17]: lean blowout, cold start, and high 
altitude relight. These combustion regimes are of particular interest for study as the relatively 
low temperatures and pressures are realistic conditions that are expected to show the greatest 
sensitivity to changes in fuel properties [17]. 
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Figure 1.5. Combustor inlet conditions at different engine operating conditions (left) and the 
combustion operation regime based on the inlet conditions (right) 
  
In aviation applications, the limiting combustion physics depend on the fuel properties’ 
variation with the inlet conditions (air and fuel temperature and pressure) under the engine 
operation regimes shown in Figure 1.5 and particularly at the conditions corresponding to the 
figures of merit. Experiments, at these conditions on an array of different fuels, can establish 
general trends and establish new limits on fuel properties, which can be used to expedite the fuel 
approval process. Understanding the effects of variation in fuel properties on the combustion 
physics is important to developing high fidelity gas turbine combustion models, which can be used 
to help screen new jet fuels. This work aims to both develop a better fundamental understanding 
of jet fuel spray combustion at gas turbine-relevant conditions as well as establish boundary 
conditions and generate validation data to develop models to evaluate gas turbine combustor 
performance. The central objective of this work is to determine which fuel properties govern 






















1.3. Gas Turbine Combustion 
Swirl-stabilized spray combustion is a complex process that involves the interactions of 
fuel droplet breakup and vaporization, turbulent air mixing, chemical reaction, and heat release 
[2]. A schematic outlining the process from atomization of the fuel to the steady flame is shown 
in Figure 1.6. During steady combustion, hot products are entrained into the fuel spray zone, which 
provide the heat to evaporate the fuel [19]. The vaporized fuel forms a cloud, which is then 
turbulently mixed; the partially mixed and heated fuel and air then burn primarily as a diffusion 
flame [20, 21].  While all these steps are coupled and impossible to totally separate, it is important 
to understand which fuel properties are important to each stage of combustion. Developing this 
understanding helps determine what the rate-limiting physics and, therefore, the rate-limiting fuel 
properties are at various gas-turbine relevant inlet conditions. 
 
 
Figure 1.6. Schematic of the combustion process in a swirl-stabilized gas turbine combustor 
through each phase of the spray combustion process: 1) atomization, 2) vaporization, 3) turbulent 
mixing, and 4) chemical reaction and heat release 
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1.3.1. Fundamentals of Spray Atomization 
The first step in the spray combustion process is fuel atomization or the process by which 
the bulk fuel flow is transformed into small fuel droplets. For simple orifice and simplex, pressure-
swirl atomizers, like those used in this work, the mechanism of the breakup of fuel spray varies 
between two characteristic mechanisms: classical and prompt [2, 22].  Classical atomization of the 
fuel can be regarded as two separate processes: primary atomization, where the bulk fuel flow is 
broken up into sheets, ligaments, and large droplets, and then secondary breakup, where these 
larger structures are broken into small droplets, largely by aerodynamic forces [2, 22]. Prompt 
atomization occurs when the pressure difference across the nozzle is sufficiently high to produce 
liquid velocities that result in immediate separation of the bulk fluid into droplets. For both the 
classical and prompt atomization mechanisms, the internal configuration of the nozzle imparts a 
swirling motion on the fluid; a schematic of a simple swirling mechanism is shown in Figure 1.7. 
This swirling motion forces the fluid radially outward, which produces a conical sheet upon the 
fluid’s exit from the nozzle. 
 
 
Figure 1.7. Schematic of a simple pressure-swirl atomizer with the slots or holes depicted with 
inflowing fuel, marked by blue arrows (left) and the swirl chamber and discharging fuel from the 
nozzle (right) 
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In the prompt mechanism, this sheet is immediately torn into droplets, but in the classical 
mechanism, once the fluid exits the nozzle orifice, the conical sheet remains intact for some 
distance downstream. The conical sheet begins to develop waves in its structure as a result of a 
Plateau-Rayleigh instability [23], which eventually results in ligaments breaking away from the 
leading edge of the sheet [24]. The ligaments begin to form waves around the annulus of the cone, 
which then break apart into individual droplets. If the aerodynamic forces acting on these droplets 
are larger than the surface tension forces, the droplets undergo secondary breakup, dividing into 
smaller droplets until the surface tension forces are sufficient to overcome aerodynamic forces. 
One important dimensionless parameter is the Ohnesorge number, Oh  ,which is the ratio 







   (1.1) 
The liquid viscosity is given by L , the liquid density is given by L , droplet diameter is given 
by D , and the surface tension of the fuel is given by  . 
A second important dimensionless number for describing breakup of droplets is the Weber 
number, We  ; it is the ratio of the dynamic pressure acting on the droplet compared to the surface 






   (1.2) 
where air  is the density of air, relU  is the relative velocity of the droplet. Droplet breakup is likely 
to occur when aerodynamic forces are equal to the surface tension forces; droplets with a Weber 
number greater than the critical Weber number will break up into smaller droplets. It is helpful to 
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express this critical Weber number in terms of the coefficient of drag, DC , which is given by the 










   (1.3) 
where the drag force on the droplet is given by DF . By substituting the surface tension forces, STF , 
given by 
 STF D    (1.4) 







  . (1.5) 
For low-viscosity fuels, a critical Weber number of 12 is appropriate [2, 21]. However, 
both these parameters, as defined, are only useful for describing the secondary breakup of droplets 
into smaller droplets [2]. In the prompt mechanism of atomization, the bulk fuel spray is rapidly 
broken into droplets that are below the critical Weber number, and no secondary breakup occurs. 
Much work has been conducted, using a wide array of diagnostic techniques, to 
characterize the performance of various atomizer geometries: for pressure-swirl atomizers [25, 
26], for hybrid air-blast atomizers [27, 28], air-assist atomizers [29], and air-blast atomizers [30-
32]. However, in the work presented here, only pressure-swirl atomizers were considered. Nozzle 
performance is summarized in the parameter known as the Sauter Mean Diameter (SMD), which 





















  (1.6) 
12 
where id  is the diameter of an individual droplet and N  is the total number of droplets collected 
at a single location. The SMD is the droplet diameter that has the same volume to surface area 
ratio as the collective measured diameter distribution at the measurement location. The SMD is 
powerful as it captures two important parameters in combustion in a single term: the total amount 
of fuel available for combustion at a location and the surface area available for vaporization of the 
liquid fuel. Better nozzle performance is indicated by a smaller overall SMD; more of the droplet 
distribution is in small diameter droplets. A number of empirical correlations for predicting the 
SMD for pressure-swirl atomizers have been developed for fuel property and nozzle geometry 
variation. Flow number is the parameter used to characterize the relationship between the pressure 












  (1.7) 
where 
, /L lbm hrm  is the fuel mass flow rate in pounds mass per hour and ,L psiP  is the pressure drop 
across the nozzle in psi. 
Lefebvre and McDonell [22] provide a convenient correlation for predicting SMD for 













  (1.8) 
where Lm  is the mass flow rate of the liquid, LP  is the pressure drop across the nozzle, where 
air  is the gas density, and L  is the liquid viscosity. For the studies presented in this work, the 
fuel properties that appear in equation (1.8) are the surface tension and fuel viscosity, while fuel 
density is contained implicitly in the mass flow rate. For a given combustor geometry, nozzle flow 
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number, and flow field, better atomization is achieved with lower surface tension, viscosity, and 
density. Wang and Lefebvre [25] demonstrate the effect of variation in liquid properties and flow 
number on the SMD for diesel oil (DF-2) and water using a pressure-swirl atomizer under non-
reacting conditions. The values of relevant properties for the fuels utilized in this work have been 
provided by Edwards [33]. 
 
1.3.2. Fundamentals of Fuel Droplet Vaporization 
Vaporization of droplets in a spray flame is an important process in gas turbine combustors. 
The combustion of a fuel spray is taken to be the sum of an ensemble of individual droplets 
vaporizing and burning, so models begin with the evaporation of fuel from a single droplet. The 
vaporization rate, denoted  , of the droplet is most easily expressed by the consumption of the 
liquid phase of the droplet over time: 
 
2 2
od d t    (1.9) 
where d  is the droplet diameter as a function of time, and 
od  is the initial droplet diameter [34, 
35]. Experiments have shown that the vaporization of single droplets in quiescent burning 
environments do indeed follow this “
2d  law” in a linear fashion (i.e.   is a constant) for single-
component fuels [36]. While useful for droplets in low Reynolds number flows, the convective 
case is slightly more complicated. Lefebvre et al. [22] present the following equation for the quasi-
steady state instantaneous burning rate, 




2 ln 1 (1 0.30Re Pr )
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  
  (1.10) 
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where the D  is the droplet diameter, k  is the thermal conductivity, pc  is the specific heat at 
constant pressure, fT  is the flame temperature, bT  is the boiling temperature of the fuel, L  is the 
latent heat of vaporization of the fuel, ReD  is the Reynolds number of the droplet, and Prair  is the 
Prandtl number of the air surrounding the droplet. The Reynolds number and Prandtl number are 
defined as 














 .  (1.12) 
These simplified models rely on the assumptions of a single-component fuel droplet at a 
uniform temperature that lies at or below the boiling point of the fuel and infinitely fast chemistry. 
For modern, practical combustors, these assumptions do not hold, and it is challenging to develop 
and verify models that fully account for all possible physics. One must consider a range of relevant 
physical phenomena: thermal radiation from soot [37], the droplet’s internal liquid circulation [38], 
droplet temperature gradients [39], and wide-boiling curves for multi-component fuels [40-42]. 
Models are further complicated when considering arrays of droplets; the effects of neighboring 
droplets on the rate of diffusion of fuel vapor as well as the proximity of the flame sheet must be 
considered [34]. The development of new models of droplet array vaporization in combusting 
environments is an ongoing active area of research [43]. 
Of interest to this work is how variations in fuels and fuel properties will affect the 
vaporization rate of clouds of droplets. For multi-component fuels, the “
2d  law” has been shown 
to hold for binary fuel droplet systems [41] and also to deviate from it for a ‘broad’ (many 
components) jet fuel with the more volatile compounds vaporizing first [42]. One possible 
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explanation is that the binary system measured utilized a blend of undecane and octanol, which 
have the same nominal boiling temperature of 469 K [41], while the jet fuel boiled over a much 
wider range [42].  Another proposed explanation is that the initial diameter of the droplets may 
play a role in these observed differences, with larger-diameter droplets undergoing greater 
buoyancy-driven internal circulation. This increased mixing allows the lighter, more volatile 
compounds to vaporize at the droplet surface; smaller droplets, like those seen in modern 
combustors, are less likely to have non-linear vaporization rates [41]. The droplets observed in the 
following work are predominantly smaller than 200 microns in diameter, whereas Law et al. [41] 
observed two-component fuel droplets with initial diameters as large as ~900 microns to have a 
constant evaporation rate. With this observation that internal circulation and mixing in small 
droplets plays only as small role, the droplet mass burning rate in equation (1.10) only depends on 
two fuel properties: boiling temperature and the latent heat of vaporization. As the fuels used in 
this work are multi-component, the fuels boil over a wide range, so the latent heat of vaporization 
is defined as the difference between the enthalpy at the end and beginning of boiling. The fuel 
distillation curves and fuel property correlation parameters are used as reported by Edwards [33] 
and Esclapez et al. [21].  
 
1.3.3. Fundamentals of Chemical Reaction, Heat-Release, and Fuel Reactivity 
After vaporization of the fuel droplets, the fuel vapor and the air diffuse into each other 
with mixing enhanced by the turbulent flow field. However, the scope of this research is limited 
to the effect of fuel properties on gas turbine combustion, so the effects of the turbulence and 
recirculation zones, while important are not addressed in detail. After the fuel is mixed, the flame 
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burns as a partially pre-mixed or diffusion flame, depending on whether evaporation, mixing, 
chemistry, or some combination is rate-limiting. 
For chemical reaction and heat-release, two aspects of the fuel should be considered: the 
total energy available for heat release and the rate at which the fuel is able to provide its heat-
release (i.e. chemical reactivity). For the fuels utilized in this study, the maximum percent 
difference in energy density between any two fuels is 7.5%, and the maximum percent difference 
in specific energy is 2.2% (compared with 36.6% and 36.5% for each difference compared with 
ethanol) [33]. With such small differences across the fuels in the energy content available for total 
heat release, the major differences between the fuels is the chemical reactivity. 
Much fundamental work has been conducted to characterize jet fuels’ chemical reactivity 
and the pathways by which fuel reacts, releasing heat. One of the fundamental measures that is 
used to characterize a fuel’s reactivity is its ignition delay: how long the fuel takes to autoignite, 
typically under high-temperature, high-pressure conditions. Dagaut and Cathonnet [44] conducted 
a thorough review of measurements of chemical reactivity for kerosene fuels and kerosene 
surrogates through 2006. Since then, several studies have been conducted to measure the ignition 
delay; focus has been paid to the negative temperature coefficient (NTC) region for kerosene-type 
fuels. The NTC region describes the phenomena where ignition delay time increases (chemical 
reaction rate decreases) with increasing temperature, where one would ordinarily expect a 
monotonic decrease in ignition delay time with increasing temperature. Temperatures lower than 
the onset of the NTC region (~1000 K) tend to produce the greatest differences in ignition delays 
across fuels [45-48]. Valco et al. [47] utilized a rapid compression machine (RCM) to measure the 
ignition delay of JP-5, JP-8, and other synthetic fuels and blends, observing that 50/50 blends’ 
autoignition behavior tends to converge to one of the neat fuels at lean conditions ( 0.25  ). Min 
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et al. [46] made measurements of ignition delay in an RCM for four of the fuels studied in this 
work: JP-5, JP-8, Jet A, and Gevo alcohol-to-jet fuel. The work found that shorter ignition delay 
times correlate with parameters known as the cetane number (CN) or the derived cetane number 
(DCN).  
The CN and DCN are relative measures of the time between the injection of fuel and 
autoignition of the fuel a the single-cylinder diesel engine, known as the Cooperative Fuel 
Research (CFR) engine [49]. The CN is measured using the ASTM D613 test [50], which matches 
the ignition delay of the test fuel spray to the ignition delay of a reference fuel blend composed of 
n-hexadecane and 2,2,4,4,6,6,8,8-heptamethylnonane [49]. Higher CN indicates higher fuel 
reactivity. Acquisition and operation of a CFR is expensive and requires trained personnel, so 
various other methods utilizing constant volume combustion chambers to characterize fuel 
reactivity were developed [49]. Ignition delays from these measurements are then correlated with 
CN measurements of various reference fuels to produce a DCN; the DCN calculated using these 
methods is fairly accurate for mid-range CN fuels [49]. While DCN is typically a good indicator 
of chemical reactivity, Won et al.  [51] observed that, for a fuel and fuel surrogate having the same 
DCN (to within the measurement uncertainty), the ignition delays diverged at low temperature 
(less than 870 K). The important difference that they identify is that the ratio of methylene groups 
(CH2) to methyl groups (CH3) in the fuel is an important factor in determining the chemical 
reactivity. Despite some of the flaws observed in using the CN or the DCN to predict chemical 




1.4. Research Objectives 
Motivated by the need to reduce costs and time spent approving new fuels to act as drop-
in replacements for conventional fuels, the main objective of this work is to investigate the effect 
of variations in fuel properties on combustion performance at several gas turbine-relevant 
conditions. The effect of fuel properties on individual processes of gas spray combustion are 
characterized, and the rate-limiting nature of individual processes is assessed. To work towards 
this objective, measurements are made for an array of baseline conventional, petroleum-derived 
fuels as well as fuels designed to probe the limits of fuel properties that play a major role in gas 
turbine combustion. This work utilizes three combustors, which are designed to test different 
combustor inlet conditions for the fuels. The first combustor utilized for this work is the NJFCP 
referee combustor, a single-sector swirl-stabilized combustor, which replicates a swirl cup of a 
realistic gas turbine engine. The second combustor is the Army Research Combustor-Large 1 
(ARC-L1), which was designed and constructed as part of this work to replicate the major overall 
dimensions of the referee combustor, while slightly simplified for ease of machining and 
modification. The third combustor is the Army Research Combustor-Midsize 1 (ARC-M1), which 
was designed and manufactured as part of this work to replicate the overall dimensions of a single 
combustor cup of a helicopter-sized engine. The following studies conducted aim to determine the 
important fuel properties under two combustion regimes, relevant to gas turbine engine 
combustors: at low fuel-to-oxidizer ratios, near what is known as lean blowout (LBO), and under 
high-altitude relight conditions. 
Near LBO, measurements of droplet diameter and velocity are made to investigate spray 
atomization and vaporization for three fuels in the NJFCP’s referee combustor: a conventional 
baseline jet fuel, a low CN fuel, and a low-temperature flat distillation curve fuel. A 2D phase 
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Doppler anemometer (PDA) is used to characterize alternative jet fuel sprays and compare them 
to Jet-A fuel spray in a realistic single-cup swirl-stabilized referee combustor. Characterization of 
the spray and correlation of the fuel properties to the spray distributions are essential steps in 
developing boundary conditions for gas turbine combustor models, and the data provide helpful 
validation for models. Comparison of the overall flame structure and flame dynamics, as marked 
by OH* chemiluminescence imaging, is investigated to examine the differences in flame 
stabilization across the three fuels. The flame structure and dynamics are compared with the spray 
distribution features to examine the coupling between the fuel vaporization and heat-release 
location. 
Measurements of ignition probability at inlet conditions simulating high altitude are 
examined to determine which part of the gas turbine combustion process and, therefore, which fuel 
properties are rate-limiting. The ARC-L1 is mounted inside of an altitude chamber operated by the 
Army Research Laboratory at Aberdeen Proving Grounds, MD. Correlations between ignition 
probability and fuel properties are made to determine what is the rate-limiting process in spray 
combustion at low temperature, low pressure conditions. 
Fundamental characterization of the breakup of spray in a gas turbine combustor is 
important for determining the effects of fuel variation on the atomization process. To accomplish 
this, phase-contrast imaging and x-ray radiography are initially conducted for water in the ARC-
M1. Characterization is also conducted for two fuels, one with high viscosity and one with low 
viscosity, and at varied flow rates and inlet air temperatures under reacting conditions. The 
description and analysis of the spray breakup are fundamentally important for evaluating 




1.5. Summary of Dissertation 
This dissertation is divided into seven chapters; the scope of each is outlined below. 
Chapter 2 presents a detailed description of the facilities and experimental combustors that were 
used for this work. Chapter 3 presents measurements of the fuel spray and flame structure and 
dynamics near LBO, examining the effects of low CN and a flat boiling curve on spray distribution 
and flame stabilization. Chapter 4 presents measurements of ignition probability at high altitudes 
(10,000 ft) that are made on a swirl-stabilized combustor, the Army Research Combustor: Large 
1 (ARC-L1), with key geometry modeled off the ‘referee’ combustor. Chapter 5 presents a 
characterization of a water spray in the ARC-M1 utilizing phase-contrast imaging and time-
resolved x-ray radiography conducted at the Advanced Photon Source at Argonne National 
Laboratory. Chapter 6 presents phase-contrast imaging to characterize the fuel spray in the ARC-
M1 near the nozzle under reacting conditions. The results presented in Chapters 3 through 6 
motivate further investigation into alternative jet fuel spray flame behavior for use in evaluating 
and predicting alternative jet fuel performance, and some of possible future avenues of work are 
outlined in Chapter 7.  
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Chapter 2. Experimental Facilities 
Three experimental combustors at four experimental facilities were utilized to study 
alternative jet fuels across a range of gas turbine-relevant conditions using an array of advanced 
laser and optical diagnostics. The three experimental combustors are all single-sector rigs designed 
to replicate one combustor cup of a gas turbine aircraft engine. This means that a combustor cup, 
like the ones used in these studies. would be repeated several times around the annulus of an 
aircraft engine. The single combustor cup is the smallest discrete unit of a gas turbine combustor 
that can be represented in a laboratory experiment. The diagnostics used to study the features of 
gas turbine combustion on the different rigs are varied and depend on the desired measurement 
quantities; the diagnostic techniques and equipment are detailed in the chapters in which they are 
first used. A description of the combustors and the facilities are supplied in this chapter. 
 
2.1. NJFCP Referee Combustor 
One of the primary experimental platforms used in the current work is a single-cup swirl-
stabilized combustor located at Wright-Patterson Air Force Base and is operated by personnel from 
the Air Force Research Laboratory (AFRL) and the University of Dayton Research Institute 
(UDRI) [17]. It is located in its own dedicated laboratory space that has controlled access during 
the combustor operation for safety; the NJFCP referee rig platform is shown in a photograph 
(Figure 2.1). It is composed of three primary sections: the air plenum, which feeds either heated 
or chilled air to the pressure chamber, the combustor pressure chamber, which houses the 
combustor, and the exhaust column, which cools the exhaust and separates the liquid from the gas. 
Air is supplied to the plenum and then to the pressure chamber surrounding the combustor at a 
flow rate of up to 910 g/s and pressures of up to 5 atm. The pressure drops from the plenum to the 









    (2.1) 
where 
plenumP  is the pressure measured in the plenum, and rigP  is the pressure measured just inside 
the top combustor liner. The inlet temperature is controlled by a proportional-integral-derivative 
(PID) control loop connected to a thermocouple near the inlet of the pressure chamber and a 250 
kW electric heater, which can heat the air up to 800 K [52]. 
 
 
Figure 2.1. Referee combustor outer chamber with flow direction from left to right [52]. 
 
 The actual combustor (combustor liner, swirler, nozzle, etc.) was designed with engine 
manufacturer input to reproduce the key features of real gas turbine combustors used in aircraft 
engines and is based on Rich, Quench, Lean combustor technology. The swirler consists of one 
inner radial swirler and two outer axial swirlers and is additively manufactured by direct metal 
laser sintering. It is held in place by a hybrid pressure swirl-air blast atomizer similar to that 
described by Mansour et al. [53]. The nozzle described consists of an inner pilot pressure-swirl 
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atomizer and a series of outer air blast atomizing holes, which comprise the main fuel nozzle. For 
all the work presented, only the pilot nozzle is used. A deflector plate, as shown in Figure 2.2, acts 
as a thermal shield for the dome effusion holes, and it is used as the reference plane for defining 
the measurement’s axial location (z position). The combustion liner is manufactured from Inconel 
alloy 188, which is a cobalt-based alloy that readily withstands high temperatures without warping 
or oxidizing, and it contains many effusion cooling holes, which mimic the actual geometry of 
real-world gas turbine engine combustors. On the upper and lower combustor liner, there are two 
rows of dilution jets: a three-hole row located 1.97” downstream of the deflector plate and a four-
hole row located 4.77” downstream of the deflector plate. Based on flow bench measurements of 
the air flow through the combustor with heated air at conditions like those used in LBO tests, the 
average velocity is approximately 85 m/s out of the primary jets and 88 m/s out of the secondary 
dilution jets. 
 
Figure 2.2. Cutaway of the single-cup referee combustor with the origin taken at the intersection 
of the centerline of the combustor and the front plane of the deflector plate (marked in the figure 
on the left); photograph of the referee combustor during steady combustion (right). 
 
 
Prior to the start of experiments, heated air is flowed through the combustor for 
approximately one hour to allow the combustor and chamber to reach thermal equilibrium. Fuel is 
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supplied to the rig by high-pressure syringe pumps, and the fuel flow rate is measured by a Coriolis 
mass flow meter. The ignition system is composed of a commercially available ignition exciter 
(Champion CH305050) and a commercially available igniter (Champion 31627). A 24V DC 
voltage supply is used to supply voltage to the exciter box, which transforms the low voltage to a 
high voltage, which is connected to the igniter. To commence ignition of the rig, fuel is flowed, 
and the igniter is sparked at about 3.8 Hz, which is a similar rate to commercial aircraft engine 
ignition systems. The sparking is stopped once the flame is stabilized, and the fuel flow rate is 
ramped down to the desired combustion condition. Once the combustor is on condition, laser, 
optical, and other diagnostics may be implemented; a range of diagnostic measurements have been 
implemented to measure quantities of interest: high-speed pressure measurements for thermo-
acoustic oscillations [52], tunable diode laser absorption spectroscopy [52], high-speed 
chemiluminescence imaging [21, 28, 52], phase Doppler anemometry [21, 28], and emissions [54]. 
 
2.2. Army Research Laboratory Altitude Chamber 
Measurements of ignition probability at high altitude conditions were conducted in the 
altitude chamber located at Aberdeen Proving Ground, MD [55, 56]. The Small Engine Altitude 
Research Facility (SmEARF) is designed to simulate altitudes up to 30,000 ft, the nominal cruise 
altitude for many commercial aircraft. This corresponds to chamber pressures between 0.30 and 
1.00 atm and chamber temperatures between -40 and 54.4°C [56]. To achieve the lower 
temperatures, the air is dried by an external heated desiccant air dryer, which can achieve 
dewpoints below -40 °C. Across this range of temperature and pressure conditions, the SmEARF 
is capable of testing an array of small piston, gas turbine, and other engines and is capable of 
delivering up to 1.361 kg/s of combustion air and 0.454 kg/s of bypass air. The pressure inside of 
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the chamber is maintained by an exhaust blower, downstream of the chamber, and the flow rate 
through the chamber is measured upstream. 
 
 
Figure 2.3. Altitude chamber at the Army Research Laboratory at Aberdeen Proving Ground 
 
For the gas turbine combustor sector rig experiments that are reported in this work, an 
exhaust duct was designed, constructed, and mounted to the outlet of the altitude chamber. The 
sector rig is then attached to a flange at the necked down end of the duct as shown in Figure 2.8. 
All the air flow through the chamber is forced to pass through the combustor, allowing for direct 
monitoring of the air mass flow rate.  
Fuel is pumped in a loop outside of the altitude chamber via a Re-Sol fuel bench, as shown 
in Figure 2.4; an air-driven pump with a pump ratio of 1:28 (Parker ASL25-01SCPV) was used to 
ramp up the pressure of the fuel supplied to the nozzle. The fuel is pressurized to the desired 




fuel used during a single test is stored in a two-liter sample cylinder that is positioned such that it 
is in the bulk air flow inlet path, allowing the fuel in the cylinder to rapidly reach the same nominal 
temperature as the altitude chamber. The fuel, when fully pressurized, is passed in a circuit outside 
of the altitude chamber to allow for a constant flow at the desired fuel pressure. 
 
 
Figure 2.4. Schematic of the fuel supply system for the altitude relight experiments conducted at 
ARL. 
 
 A single test begins with the opening of a solenoid valve just upstream of the nozzle, 
allowing fuel flow at the desired equivalence ratio. After two seconds, in which the fuel flow rate 
is allowed to stabilize, a 24V DC voltage is supplied to an ignition exciter (Champion CH305050), 
which supplies high voltage to an igniter taken from a General Electric T700 engine at a frequency 
of 3.7 Hz. The igniter is allowed to spark for 10 seconds, after which the voltage for the igniter is 
stopped, and the final solenoid valve before the rig is de-energized; the sparks and flame are 
monitored by a photodiode. Between tests, air is flowed for three minutes to ensure that any 
unreacted fuel is fully flushed from the combustor, to make sure that each test is independent. The 
flushed fuel is collected in a drainage container welded to the bottom of the exhaust duct; the 
temperature in the drainage container is monitored to ensure no flame is present. 
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2.2.1. Army Research Combustor-L1 
The Army Research Combustor-L1 (ARC-L1) was one of the two sector rig combustors 
designed and constructed as a part of this work; it replicates a single swirl-cup of a gas turbine 
engine with the same overall geometry as the referee combustor. The primary difference between 
the referee combustor and the ARC-L1 is the simplified combustor liner geometry as shown in 
Figure 2.5.  
 
 
Figure 2.5. Comparison of a photograph of the top liner for the referee combustor (left) with a 
solid model of the top liner for the ARC-L1 (right) 
 
While the dilution jets, a primary feature of the RQL-type combustor, are maintained, the 
effusion cooling holes are omitted for simplicity of machining as well as the potential for easier 
modeling. The effusion cooling holes account for up to 60% of the air mass flow in the referee 
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combustor under non-reacting conditions [52]. However, the air from the effusion holes does not 
penetrate far into the combustor compared with the dilution air as evidenced by Schlieren imaging 
conducted on the referee combustor shown in Figure 2.6.  
 
Figure 2.6. Average Schlieren image in the referee combustor showing the regions of effusion air 
compared to the penetration into the bulk flow of the dilution jets 
 
The effusion holes act primarily to provide cooling for the combustor liner, which is not 
particularly important for measurements of ignition probability as the combustion durations are 
short. The omission of the effusion cooling holes is compensated for by expanding the flow area 
through the dome to twenty-four 0.30” diameter holes as shown in Figure 2.7. This yields a flow 
area equivalent to 76% of the effusion cooling flow area in the referee combustor as measured by 
UDRI; only effusion hole flow area near the immediate exit of the combustor is not accounted for. 
The main disadvantage of not keeping the total effusion hole area constant is that, to match the 
pressure drop from the chamber to the swirler, lower flow rates than those in the referee combustor 















pressure drop, will be higher for the ARC-L1 than those in the referee combustor. The main body 
of the ARC-L1 is constructed from 304 stainless-steel, and the dome, as pictured in Figure 2.8, is 
made from brass. The swirler and nozzle combination used in the ARC-L1 is identical to the one 
used in the referee combustor. 
 
 




Figure 2.8. Photograph of the Army Research Combustor-L1 mounted to the exhaust duct in the 
altitude chamber at the Small Engine Research Facility; UV fused silica window as one wall is 
utilized for high-speed imaging. 
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For the experiments conducted in this work, one side wall, as pictured in Figure 2.8, is a 
fused silica window to allow for both high-speed broadband and UV imaging. The other wall is a 
stainless-steel blank fitted with ports for measurements of temperature and pressure. For the results 
presented in this work, the top and bottom combustor liner are both constructed from 304 stainless-
steel, but it is designed with interchangeable liners that contain a mounting port for a UV-grade 
fused silica window. These windows allow the perpendicular access required to implement laser 
diagnostics such as Particle Imaging Velocimetry (PIV) and Planar Laser-Induced Fluorescence 
(PLIF) of hydroxyl (OH), methylidyne (CH), and formaldehyde (CH2O) radicals. The ARC-L1 
combustor with the optical access liner installed is shown in a photograph in Figure 2.9. The 
images and altitude relight ignition probability measurements are the first gas turbine combustion 
experiments reported in this facility. 
 
 




2.3. Argonne National Laboratory: Advanced Photon Source 
Argonne National Laboratory is home to the Advanced Photon Source (APS) user facility, 
one of the most powerful synchrotron light sources in the world. As a third-generation synchrotron 
light source, the APS is characterized by its high brilliance compared to laboratory-scale sources 
and previous generation synchrotrons, enabling a greater scope of x-ray diagnostics [57, 58]. The 
laboratory space utilized at APS is the bending magnet beamline in sector 7 (7BM) and is capable 
of hosting a wide array of time-resolved x-ray diagnostics [59]. The beamline is divided into two 
sections: beamline 7BM-A, which houses the initial x-ray optics, and 7BM-B, which is the active 
laboratory space where experiments are set up and conducted [59]. The beamline 7BM-B, shown 
in  Figure 2.10, has been utilized to conduct experiments with two types of beam operation [60-
65]: “white” beam imaging and focused beam measurements. 
 
Figure 2.10. Aerial photograph of the Advanced Photon Source (left) and a photograph of the 
beamline 7BM-B (right) 
 
The first type, white beam imaging, utilizes the raw emission out of the x-ray source with 
limited or no spectral filtering, which has a beam intensity of about 600 mW/mm2 as measured at 
the scintillator crystal, which is used to convert the x-rays into visible light [60]. For the high-
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speed imaging, a chopper wheel is used to prevent damage to the scintillator crystal and other 
materials that can be caused by the high flux. After passing through the experimental region and 
the scintillator, a water-cooled beam stop, composed of bronze, copper, and lead absorbs the 
remaining beam [60]. Without any focusing optics, the white beam diverges, producing a relatively 
large x-ray flux area, useful for imaging; this configuration takes advantage of the high flux and is 
utilized for high-speed phase-contrast imaging. 
To implement focused-beam, time-resolved, quantitative diagnostics, a tunable 
monochromator is inserted; a full description of the monochromator is given by Kastengren et al. 
[59]. The monochromator is capable of selecting photon energy over a range of 5.1 eV to 12 eV. 
Due to imperfections in the monochromator optics, there is significant spatial variation in the 
intensity of the transmitted beam, limiting the capability for use of the full beam size for imaging. 
As a result, the beam is typically focused down to conduct single-point measurements; to 
accomplish this, two rhodium-coated Kirkpatrick-Baez mirrors are used. The full-width at half-
max (FWHM) of the focused spot size is measured at 5 microns (height) by 6 microns (width) 
[59]. In this configuration, a variety of point and line measurements are possible, including x-ray 
radiography [60-62, 64-66], x-ray fluorescence [66-68], and small-angle x-ray scattering [69]. In 
this work, phase-contrast imaging and x-ray radiography are utilized to characterize water 
atomization, fuel atomization, and combustor gas density. 
 The primary purpose for conducting experiments at the APS is to take advantage of the 
synchrotron light source. Beyond the x-ray source, gas turbine combustor experiments require 
facilities to attain the desired flow and combustion conditions. The air for the combustor is supplied 
from a building compressed air line, which provides air at 90 psig. Additionally, nitrogen, which 
is used to pressurize fuel, is held in a liquid nitrogen dewar on the roof of the hutch; the vapor from 
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the nitrogen dewar is regulated from 500 psig (at the dewar outlet) to the desired maximum fuel 
pressure. Multiple means of interfacing with combustor instruments and control systems are 
available in 7BM-B, allowing for measurement flexibility. Finally, after combustion, the outlet 
gases from the combustor are dumped to a high temperature exhaust duct. 
 
2.3.1. Army Research Combustor-M1 
The Army Research Combustor-M1 (ARC-M1) was the second of the two combustors 
designed and constructed as a part of this work; it replicates a single swirl-cup of a helicopter-
sized gas turbine engine. A cross-sectional view of the combustor as well as the actual combustor 
at the University of Illinois at Urbana-Champaign is shown in Figure 2.11. The combustor is 
designed with four-sided optical access enabling a wide array of laser and optical diagnostics, 
which can be used to conduct high-speed flame imaging, make air velocity measurements, and 
characterize the fuel spray. Two different types of windows may be used on the horizontal faces: 
fused silica windows, optimal for UV laser and optical diagnostics, and stainless-steel blanks, 
fitted with small Kapton windows, which are useful for X-ray diagnostics. The windows on the 
top and bottom surfaces have four possible options: fused silica windows for laser diagnostics, 
stainless-steel blanks for pressure and temperature measurement, Kapton windows for X-ray 
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fluorescence measurements, or a specially designed stainless-steel blank, which holds the igniter 
for the ARC-M1. 
 
 
Figure 2.11. ARC-M1 CAD model cross-section with major dimensions (top) and a photograph of 
the ARC-M1 in combustion-ready configuration 
 
At the University of Illinois at Urbana-Champaign (UIUC), air is held at 110 psig in a 240-
gallon storage tank; this tank provides a buffer from dips in compressor output, allowing up to 10 
minutes of continuous run time at 40 g/s (currently the maximum capability of the system). The 
maximum flow rate for indefinite run time at UIUC is about 32 g/s.  For measurements made at 
Argonne National Laboratory, the current available air capacity tops out at delivering about 24 g/s 
continuously. Air is supplied to the ARC-M1 through two primary means: the main air, which 
flows through the dome from the air plenum, and the dilution air which is split into six dilution 






jets, three on each of the top and bottom of the combustor. Each of the main air and dilution air 
streams’ flow rates are controlled independently by MKS IE1000A mass flow controllers, capable 
of metering up to 1,000 SLPM.  
After exiting the mass flow controllers, the air flow is heated by a 6 kW (Osram F038825) 
in-line threaded air heater. The air temperature at the exit of the air heater is controlled by a power 
controller (Osram F066823) and temperature controller (Sylvania F076361), which have been 
integrated into a custom-built heater control unit. The main air then enters the plenum, which 
directs the air through the dome and into the combustor; the purpose of the plenum is to allow the 
air to develop a more uniform flow prior to entering the combustor. The dilution air is split off to 
two air manifolds, each of which then split the flow into a further three paths; each of those paths 
is directed to one of the dilution jets. Each of the dilution jets has an inner diameter of 0.17 inches, 
and for typical operation, this corresponds to a dilution jet mean velocity between 40 and 144 m/s. 
The dilution jets on the ARC-M1 are designed to replicate those in RQL combustor designs. A 
fully radial swirler, pictured in Figure 2.12, is utilized to generate the central inner recirculation 
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zone. The swirler consists of two lines of holes, each containing sixteen 0.086” diameter holes. 
The flow area and overall percentage of the total flow area for each section is listed in Table 2.1. 
 
Table 2.1. ARC-M1 passage flow area 
Passage Total Flow Area (mm2) Percentage Flow Area 
Radial Swirler 119.9 27.5% 
Dome Effusion 228.0 52.3% 




Figure 2.12. Photograph of the two-row fully radial swirler used in the ARC-M1. 
 
Air pressures in the plenum and in the combustor are monitored by low-speed pressure 
transducers (Omega PX409-100AV), and a K-type thermocouple is used to measure the 
temperature near the top wall of the combustor. Pressure drop is defined in a similar manner as in 
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the referee combustor, and a plot of the air mass flow rates as a function of the pressure drop for 
two combustor inlet temperatures (50 °C and 100 °C) are shown in Figure 2.13. 
 
Figure 2.13. Scatter plot of the measured pressure drop as a function of main air flow rate (through 
the swirler and dome) with the polynomial fits for two different nominal air preheat temperatures. 
 
 
For a given air flow rate through the dome (i.e. main air flow rate), the pressure drop was 
found to be independent of dilution air flow rate. While this is different from how a realistic 
combustor operates, as the pressure drop and dilution air flow rate are inherently coupled, it is 




















combustor aerodynamics outlined by Lefebvre [2] gives the pressure drop across the combustor 
liner as: 
 23 32 2





   (2.2) 
where R  is the gas constant for air and ,h effA  is the effective hole area of the combustor, accounting 
for pressure losses. In gas turbine combustors, the pressure drop is used to drive an increase in the 
jet velocity and flow turbulence, but it also includes pressure losses. Based on the least-squares 
fits for the relationship between pressure drop and air mass flow rate, the effective flow area at 
50 °C preheat is 21.8 mm2 and the effective flow area at 100 °C preheat is 22.1 mm2. These values 
are consistent across the two flow conditions, but it is notable that the effective flow area calculated 
is only 6.3% of the actual available flow area, indicating significant pressure losses across the 
combustor dome. One non-dimensional parameter useful in evaluating the aerodynamic design of 







   (2.3) 
where refq  is the dynamic pressure associated with the mass flow through a duct with the same 






ref refq U   (2.4) 








 . (2.5) 
The aforementioned reference cross-sectional area is given by refA . The average PLF for the ARC-
M1 across the conditions measured is 19,900 ± 1,700, much higher than that of the referee 
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combustor, 15.3, and that of typical annular gas turbine combustors, 20 [2]. The ARC-M1, due to 
its simplified geometry and optical access design considerations, has significantly more pressure 
loss across the dome compared to real-world combustors and more realistic laboratory combustors. 
Aside from the reduction in total effusion hole area and the space needed to include windows 
without an exterior chamber, another factor in the significantly larger PLF is that it accounts for 
all mass flow through the combustor liner, including the dilution air, which totaled at least 24 g/s 
for all measurements conducted under combusting conditions. In the referee combustor and in 
actual combustors, the flow splits are controlled by geometry and allowed to reach an equilibrium 
between the holes, while in the ARC-M1 the split between the main air and dilution air is user 
controlled (for simplicity and better control). In summary, more realistic combustor aerodynamics 
are traded in favor of good optical access and simplified geometry. 
Liquid fuel is supplied from a Parker piston accumulator; nitrogen is used to supply 
pressure and push the fuel out of the accumulator, as shown in the schematic in Figure 2.15. A fuel 
cart, shown in Figure 2.15, was designed to hold up to three piston accumulators for rapid 
switching between fuels during testing. Fuel flow rate is measured by an Omega low flow turbine 
flow meter (FLR1007ST). The fuel flow rate is controlled by modulating the pressure on the 
nitrogen side of the fuel accumulator through a PID loop, either supplying more nitrogen (at 150 
psig) or bleeding nitrogen to atmosphere, depending on whether the flow rate is too low or too 
high, respectively. This system is able to maintain a stable fuel flow rate within 2.5% of the 





Figure 2.14. Measured fuel mass flow rate as a function of the square root of pressure difference 
across the nozzle for the flow capacity 0.3 nozzle (PN: 1/4LNN-316SS.30) 
 
Fuel pressure (PX409-750DDU5V) and fuel temperature (K-type thermocouple) are 
measured just before the fuel enters the combustor. The ARC-M1 is designed to integrate three 
nozzles: two generic pressure-swirl atomizers (1/4LNN-316SS.30 and 1/4LNN-316SS.60) and 
one aircraft nozzle (3101155-1) from a Garrett TPE331 engine. These nozzles are chosen to 
provide a variation in fuel spray atomization at different flow rates and pressure drops. A sample 
plot of the fuel mass flow rate is shown as a function of the square root of the pressure drop for 2 




Figure 2.15. The ARC-M1 fuel cart is used to store up to three different fuels in piston 
accumulators, which can be used to rapidly change the fuel being used during testing (left); a 
schematic of the fuel accumulator used for supplying fuel to the combustor (right). 
 
2.3.2. ARC-M1 Operation 
Startup of the ARC-M1 begins with setting the air flowrate to the combustor at the 
maximum capacity that can be sustained by the facility indefinitely. The heaters are then set to a 
set point of 150 °C; the combustor is allowed to heat up for at least thirty minutes when the 
combustor body reaches a steady-state temperature. Once this initial steady-state temperature is 
reached, the heaters are then set to the desired inlet preheat temperature (typically between 40 °C 
and 120 °C) and allowed to run for a further five minutes, allowing the combustor to reach 
equilibrium at the new temperature. Apart from the heater temperature set point, the ARC-M1 
operation is controlled via LabVIEW. During operation, measurements of temperature, pressure, 
and flow rate are recorded as TDMS files at 1,000 Hz.  
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To initiate combustion, a DC voltage supply (Aim-TTi PL303QMT) supplies 28V (current-
limited to 3 A) to a commercial aircraft exciter (Champion CH305050), which provides high 
voltage to a commercial aircraft igniter (Champion CH34055), which then sparks at ~4 Hz. Once 
the sparking has been initiated, fuel flow is switched on by energizing a normally closed solenoid 
valve just before the inlet to the combustor and is set to a relatively high flow rate (~40-60 mL/min, 
depending on the fuel and air flow conditions). Once a flame has stabilized, the fuel flow rate is 
slowly decreased to the desired operating flow rate, typically at a ramp rate of 2 mL/min/s. A port 
at the immediate exit of the combustor supplies a constant flow of air at 25 °C, at a minimum of 
about 6 g/s, to cool the exhaust, keeping it to a reasonable temperature. For all of the work 
presented, exhaust temperatures never exceeded 350 °C, well below the limits of the exhaust 
systems of the facilities. To separate the unburnt fuel droplets in the exhaust flow from the 
combustion gases, the duct is expanded from a 1.5” diameter tube at the immediate exit of the 
combustor to a 4” diameter exhaust column. This expansion reduces the velocity, allowing the fuel 
droplets to separate out and fall to the bottom of the exhaust column where they are collected in a 
fuel drum that is continuously purged with nitrogen. For the full standard operating procedure, 
please reference Appendix A: Standard Operating Procedure for the ARC-M1. 
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Chapter 3. Characterization of Alternative Jet Fuel Spray Flames Near Lean Blowout 
3.1. Introduction 
Pollutant emissions, especially NOx, are subject to increasingly strict legal limits. The 
utilization of lean spray flames are of particular interest for modern combustors that aim to reduce 
NOx emissions by operating near the extinction limit [2, 70]. One of the primary hazards of 
operating in the overall lean regime of combustion, especially as new combustors push the 
envelope of leaner combustion, is the possibility of lean blowout (LBO). LBO is the condition 
where fuel flow rate is reduced to the point that a flame cannot be sustained. In addition to new 
combustors, the possibility of LBO is also relevant to all aircraft engines when operating at idle 
and on approach to landing when the fuel flow rate is throttled back to reduce thrust. LBO can, in 
principle, result from the rate-limiting of any of the processes of spray combustion outlined in 
Chapter 1: atomization, vaporization, turbulent mixing, and chemical reactions. A limited amount 
of work has been conducted to understand the mechanisms and rate-limiting steps involved in 
blowout of swirl-stabilized spray flames. Ballal and Lefebvre [71, 72] conducted much of the early 
characterization of gas turbine LBO equivalence ratio dependence on combustor aerodynamics, 
geometry, and fuel properties for bluff-body stabilized flames. One of the first major efforts to 
analyze and predict blowout behavior, also  in a bluff-body stabilized configuration, was conducted 
by Plee and Mellor, using time-scale analysis for the relevant processes [73].  
Swirl-stabilized spray combustion is a complex process that involves the interactions of 
turbulent air mixing, fuel droplet breakup and evaporation, chemical reaction, and heat release. 
During steady combustion, hot products are entrained into the fuel spray zone, which provide the 
heat to evaporate the fuel [19]. Fuel droplet vaporization forms a fuel vapor cloud, which then 
burns as a gas diffusion flame [20]. A thorough examination of how each of these processes might 
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result in LBO is essential to determine which fuel properties control the rate-limiting steps. Studies 
in laboratory-scale, swirl-stabilized combustors have investigated the role of fuel properties, 
including chemical composition, for single-component fuels, conventional aviation fuels, and 
alternative fuels, on flames at LBO and near LBO [74-78]. As Stouffer et al. [75] demonstrated in 
LBO measurements on the ‘referee’ combustor, CN is strongly correlated with LBO equivalence 
ratio, as shown in Figure 3.1. However, across the fuels tested, the other fuel properties varied 
widely, potentially confounding the correlation. 
 
Figure 3.1. LBO equivalence ratio as a function of cetane number as measured by Stouffer et al. 
[75] in the referee combustor 
 
Efforts have also been made to examine simpler combustion cases (e.g. swirl-stabilized, 
premixed methane-air flames) and correlate those to spray flames with the same geometry and 
inlet conditions. Marinov et al. [79] conducted a similarity analysis between the lean blowout of 
swirl-stabilized non-premixed methane flames and kerosene spray flames in the same combustor. 
The goal of this study was to identify the stability characteristics common between the two flames; 
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however, they found that the fundamental differences in flame structure and dynamics could limit 
the power of such an analysis. Cavaliere et al. [80] examined premixed methane-air, non-premixed 
methane-air, and a spray n-heptane flame with the same burner geometry, finding that the 
Damkohler number collapses the bulk velocity at blowout for all three flame cases. 
The goal of this work is to characterize the spray distributions and the potential effect that 
the atomization and vaporization may play in the LBO equivalence ratio. While much of the LBO 
characterization has focused on studying the effects of chemical composition, chemical reactivity, 
and volatility of liquid fuels, Ballal and Lefebvre [72] found a modest dependence of the LBO 
equivalence ratio on the mean drop-size in a bluff body stabilized combustor. To characterize the 
spray distributions, Phase Doppler anemometry (PDA) is employed. PDA has been used to great 
effect in characterizing gas turbine-relevant sprays for kerosene-type fuels for an array of nozzle 
geometries; such a technique is extremely useful for characterizing the spray independent of the 
possibility of evaporation that one would see in a reacting spray. Marchione et al. [26] utilized a 
PDA system to study a Jet A-1 spray in a pressure-swirl atomizing nozzle. Non-reacting spray 
characterization, using a 2D PDA system, of the same NJFCP fuels used in this study with relevant 
inlet conditions with a hybrid air blast fuel injector and atomizer revealed differences in the Sauter 
mean diameter (SMD) across the fuels by 25 mm downstream of the swirler exit [81, 82]. 
Behrendt et al. discuss some of the challenges associated with implementing a PDA 
measurement for fuel droplets at the high temperatures and pressures associated with realistic gas 
turbine combustion and conclude that PDA is a viable measurement with minimal introduction of 
error compared to a measurement at ambient conditions. Chong and Hochgreb [83] utilized  phase 
Doppler anemometry (PDA) to measure droplet size and velocity as well as OH* 
chemiluminescence to visualize the flame structure of Jet-A1 and a palm biodiesel, demonstrating 
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differences between the fuels in both fuel droplet diameter and flame structure. They also later 
compared Jet A-1 and a rapeseed biodiesel fuel, once again, finding differences in flame structure 
and droplet Sauter mean diameter (SMD) [84]. Grohmann et al. [74] examined the differences in 
fuel droplet diameter and velocity for three single-component hydrocarbons as well as Jet-A1 for 
reference. Establishing well-defined boundary conditions, including the fuel droplet diameter 
distributions and velocities, is important for developing high quality gas turbine combustor 
models, which are useful for validating jet fuel and combustor performance. Phase Doppler 
anemometry has been employed effectively to map droplet diameter and velocity distributions in 
swirl-stabilized flames across a variety of fuels [70, 74, 83-86]. To the author’s knowledge, no 
previous measurements of the fuel droplet diameters and velocities have been made for these 
alternative jet fuels under combusting conditions. 
 
3.2. Experimental Methods: Spray Flame Characterization Near LBO 
3.2.1. Fuel description 
Three different fuels being studied under the umbrella of the NJFCP are examined: A-2, 
C-1, and C-5 [33]. To help in the study and screening of these new alternative jet fuels, the NJFCP 
referee combustor was employed as an experimental platform at the Air Force Research 
Laboratory at Wright-Patterson Air Force Base. This study examines three different jet fuels 
targeted by the NJFCP. Category A fuels are conventional aviation fuels, while Category C fuels 
are designed to probe fuel properties near the edges of acceptable limits. The fuel designated A-2 
is an average Jet-A; C-1 is Gevo alcohol-to-jet fuel; C-5 is trimethyl benzene blended with C10 iso-
paraffins; key properties of the fuels are listed in Table 3.1. The objective of this work is to 
investigate and compare the spray characteristics for three different jet fuels being investigated 
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under the NJFCP and correlate the spray behavior (droplet diameter and velocity) with flame 
characteristics.  
 
Table 3.1 Key properties of the fuels tested 
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A-2 18.7% 29.5% 20.0% 31.9% <0.1% 
C-1 <0.1% 99.6% <0.1% 0.1% 0.3% 
C-5 30.7% 51.6% 17.7% 0.1% <0.1% 
 
 
3.2.2. Referee Combustor Operating Conditions 
Air is supplied to the combustor at 394 K and 30 psia, and fuel is supplied to the combustor 
at 322 K through the pressure atomizer. The pressure drop across the swirler is 3 percent. Global 
equivalence ratios at LBO for the 3 fuels tested are: 0.0806 ± 0.0009 for A-2, 0.0869 ± 0.0008 for 
C-1, and 0.0825 ± 0.0010 for C-5 [21, 54, 75]. The combustor is operated at steady-state near 
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LBO, at a global equivalence ratio of φ = 0.096, corresponding to 10.5% above LBO for C-1, 
16.4% above LBO for C-5, and 19.1% above LBO for A-2. To evaluate the spray distributions on 
approach to LBO, experiments are also made at a global equivalence ratio of φ = 0.090, 3.6% 
above LBO for C-1, 9.1% above LBO for C-5 and 11.7% above LBO for A-2. The lower 
equivalence ratio is too close to LBO to maintain at a stable condition for the length of time 
necessary to conduct the droplet measurements. 
 
3.2.3. Phase Doppler Particle Analyzer 
Phase Doppler anemometry is a technique first developed by Durst and Zaré [87] in 1976 
to measure particle velocity and diameter from the scattering of paired laser beams with slightly 
offset wavelengths, which produce a ‘fringe’ pattern.  A 2D PDA system was used to characterize 
the fuel droplets during combustion, measuring diameter and two components of velocity. The 2D 
PDA (Dantec 112-mm fiber PDA) measures the frequency of the Doppler burst signal to determine 
velocity (one component from each pair of beam wavelengths) and the phase difference between 
two Doppler bursts to calculate the droplet diameter. An argon-ion laser (Ion Laser Technology), 
which produces a continuous laser beam with wavelengths ranging from 457 nm to 514.5 nm, is 
directed into a fiber coupler where the beam is split up by wavelength into three nominal 
wavelengths: 476.5 nm, 488 nm, and 514.5 nm. The 476.5 nm (and the other lower intensity 
wavelengths) are dumped inside of the fiber coupler. A beam-splitter is used to divide the 488-nm 
and 514.5-nm wavelengths into nominally equal power beams. One of each of the beams is passed 
through a Bragg cell, which shifts the light frequency by 40 MHz corresponding to a wavelength 
shift of 3.53 x 10-5 nm for the 514.5-nm beam and 3.18 x 10-5 nm for the 488-nm beam.  The shift 
in frequency of one of the beams is done to determine whether the measured particle velocity is in 
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the positive or negative direction [88]. The Doppler burst beat frequency corresponding to zero 
velocity is then centered at the shift frequency. Each of the four beams is focused and coupled into 
optical fibers, which run to the transmitter head. The four beams, two at 488 nm and two at 514.5 
nm (about 4 mW of power per beam), are focused by a 500-mm focal length lens on the PDA 
transmitter head and directed into the combustion chamber. The transmitter head and receiver 
head, which is fitted with an 800-mm focal length lens, are mounted on traverses placed on either 
side of the combustor. The forward scatter position of the receiver is chosen to maintain signal 
strength within the available optical access of the rig. The traverses, with attached encoders, are 
linked and controlled via a LabVIEW code. A schematic of the experimental setup of the PDA 
system is depicted in Figure 3.2. Data are collected using BSA Flow Software installed on a 
computer in the laboratory, and the data are written to text files. The computer is controlled 
remotely via a KVM extender. 
 
Figure 3.2. Cutaway of the single cup referee combustor with the origin taken at the intersection 
of centerline of the combustor with the front plane of the deflector plate as marked. 
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where the droplet velocity is given as U , the laser wavelength is  , the frequency shift from the 
Bragg cell is shiftf , the Doppler burst frequency, a representative schematic of which is shown in 
Figure 3.3, is df , and   is given by the physical parameters of the experimental setup as shown 
in Figure 3.4. 
 
 
Figure 3.3. Schematic of the mean-subtracted Doppler burst signal at detectors 1 and 2 (left) and 
a schematic of the receiver mask and detector locations (right) 
 
For the first-order refraction mode used in these measurements, the diameter is calculated 
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where D is the calculated droplet diameter,   is the measured phase difference between two 
detectors, the angles:  ,  , and   are the angles determined from the physical parameters of the 
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 The indices of refraction of fuel and air are given by 
fueln  and airn , respectively. 
 
 
Figure 3.4. Schematic of the geometry of the transmitting and receiving optics used in the PDA 
measurements 
 
3.2.3.1. Example Measurement and 2π Ambiguity 
Doppler bursts are collected according to the measurement techniques outlined previously, 
and phase Doppler bursts are validated for sphericity by checking the ratio of the phase difference 
52 
measured between detectors 1 and 2 (
12 ) and detectors 1 and 3 ( 13 ). For the PDA configuration 
in this work, a spherical particle will fall on a line with a slope of 2. To check for sphericity, the 
ratio must fall within this ratio by a tolerance that is specified in the data collection software. The 
phase difference between detectors 1 and 2 is used to calculate the diameter because the detectors 
have a wider angle between them ( 2  between 1 and 2 compared to   between 1 and 3), yielding 
a greater resolution in the determination of the diameter. However, the system is unable to 
determine the difference between 12  and 12 2k  , where k  is an integer; this issue is known 
as the 2π ambiguity. In addition to checking for sphericity, by checking  13  against 12 2k  , 
the 2π ambiguity can be resolved up to the maximum measurable 13  (set to 260° in the data 
collection software). This appears as points are accepted along the line with a 360° offset; a sample 
phase plot is shown in Figure 3.5. For these measurements, the transition between the two lines in 
the phase plot at the 360° offset corresponds to a droplet diameter of about 171 microns. 
 
 
Figure 3.5. Phase difference plot with accepted data plotted compared with the theoretical phase 
ratio lines. The 2π ambiguity is demonstrated by the points in the lower right corner where the 
phase difference measured between detectors 1 and 2 is matched to a phase difference between 
detectors 1 and 3. 
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Doppler bursts that are measured on all three detectors but fall outside of the tolerances are 
rejected; the rate of acceptance of the droplets in the measurement is reported as the spherical 
validation rate. A sample of the spherical validation rate profile, compared with the data collection 
rate profile, shown in Figure 3.6, reveals that the spherical validation rate reaches a minimum in 
the middle of the annulus of the spray cone. This indicates that the spray droplets tend to be less 
spherical in the densest part of the spray. The rejection of droplets near the center of the annulus 
contributes significantly to the dip in the data collection rate observed; however, the data collection 
rate remains very high (over 7,500 Hz) and the spherical validation rate is reasonably high (above 
70%). Despite the dip, the large sample sizes provide confidence that a representative sample of 
droplets is being measured in the dense spray zones. 
 
 
Figure 3.6. Plot of spherical validation rate and accepted data collection rate as a function of 
position for the A-2 spray at 5 mm downstream of the deflector plate. Spherical validation rate 
dips to a minimum at the densest part of the spray, indicating that droplets are less likely to be 
spherical in the dense spray zone. 
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3.2.4. OH* Chemiluminescence Imaging 
The imaging of OH* chemiluminescence is conducted using a LaVision High-Speed IRO 
and Photron FASTCAM SA-Z with a Semrock Brightline 320/40 bandpass filter in front of a Cerco 
100 mm, f/2.8 UV lens. Images are taken at 20 kHz with a 2000 ns gate and 60 percent gain. The 
spatial resolution for the imaging is approximately 0.231 mm per pixel, and a total of 3000 images 
is used for each average image. Excited OH* is a good indicator of heat release rate from the flame 
zone [89], which makes it useful for visualizing flame structure. 
 
3.3. Results and Discussion 
Droplet axial and radial velocity distributions, SMD distributions, and data collection rates 
for the fuels studied are presented. For A-2 at φ = 0.096, data collection rate is shown in Figure 
3.7 as a function of y-position at various axial locations. The origin is taken to be the intersection 
of the centerline of the injector and the downstream face of the heat shield. Positive z-position is 
taken to be ownstream (with the flow direction) and y-position is taken to be positive up (towards 
the top of the combustor). Almost all the data collected is taken along the transverse center of the 
combustor (x = 0 mm). By doing so, an approximation that the combustor behaves 
axisymmetrically with respect to the combustor centerline allows one to project the spray 
distribution to almost the entire primary flame zone. The data rate is a good indicator of where the 
spray is located and can be used to calculate and report spray angles. The low data collection rate 
near the centerline indicates that few fuel droplets exist in the inner recirculation zone, likely a 




Figure 3.7. Data collection rate versus y-position at various axial locations for A-2 at φ=0.096 
 
It is unsurprising that the width of each side of the spray increases with increasing distance 
downstream, and the overall width of the spray increases until it spans nearly the full height of the 
combustor (109 mm) by 35 mm downstream. At 35 mm downstream, the data collection rates are 
greatly diminished, which can be explained by further spread of the spray as well as vaporization 
due to the heat release from combustion. 
 
3.3.1. Sensitivity of SMD to Cutoff Diameter  
The surface area moment mean, designated D32, or SMD, is calculated at each position 
where diameter data are collected according to equation (1.6). However, the SMD is highly 
sensitive to small numbers of large diameter droplets. To illustrate this sensitivity, Figure 3.8 
shows the SMD distribution for A-2 at z = 5 mm with the droplet distributions cut off at different 
maximum diameters. By changing the maximum diameter used for the SMD calculation from 250 
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microns to 100 microns, the calculated SMD drops by as much as 14.4%, while only reducing the 
total number fraction of droplets by 0.9% at that point. 
 
 
Figure 3.8. SMD as a function of y position at z=5 mm for A-2 as a function of maximum droplet 
size used for the calculation of the SMD 
 
 Accounting for all the droplets that are measured at this z-position (across all y-positions), 
the overall SMD of droplets along this line is plotted against cutoff diameter in Figure 3.9. The 
number fraction of droplets with diameter larger than 100 microns is only 0.23%, but they account 
for 15.6% of the volume of the measured droplets and 5.2% of the surface area. The reduced, but 
still significant numbers of droplets measured at 35 mm downstream, shown in Figure 3.7, suggest 
that the flame is not inhibited by the lack of fuel, but rather by the vaporization of fuel droplets. 
The largest droplets are unlikely to contribute as significantly to combustion because they will exit 
the combustor before burning; their larger momentum (larger mass, similar velocity) means they 
will be less affected by the recirculation, allowing them to travel downstream without significantly 
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vaporizing. Therefore, the surface area reduction (by setting the cutoff) of the fuel droplet 
distributions becomes more important. A diameter cutoff of 200 microns is chosen for the data 
reporting in the remainder of this work, corresponding to the removal of 0.007% of the droplets, 
2.0% of the volume, and 0.4% of the surface area. 
 
 
Figure 3.9. SMD, number fraction cut off, volume fraction cut off, and surface area fraction cut 
off plotted against the cutoff diameter 
 
3.3.2. Comparison of Fuel Droplet Diameters 
The droplet diameter distributions for the three fuels are compared in the region before 
they enter the (average) flame zone. Figure 3.10a shows the SMD versus y-position 0 mm, 5 mm, 
and 10 mm downstream of the deflector plate for each fuel tested. SMDs are only reported at 
locations where more than 1000 droplets were measured. Figure 3.10b shows cumulative density 
functions (CDFs) of the droplet diameters 10 mm, 15 mm, and 20 mm above the centerline at each 
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axial location shown. The differences in SMD between the fuels are seen in the diameter CDFs as 
a shift to the right of the CDF s-curve.  
As seen in Figure 3.10b, just downstream of the deflector plate (z = 0 mm), C-1 has a larger 
SMD than either A-2 or C-5, between 11 and 35 microns greater at y positions more than 12 mm 
above the centerline. This can be seen in Figure 3.10b, as C-1 has relatively few droplets with 
diameter less than 20 microns compared with A-2 and C-5 at the same y positions. This seems to 
indicate that C-1 is either still undergoing fuel droplet breakup or that C-1 experiences less 
upstream vaporization compared to A-2 and C-5. At 5 mm downstream of the deflector plate, the 
A-2 and C-5 fuels have very similar SMDs at all measurement points where enough droplets were 
collected. The maximum difference between the SMDs for those two fuels is about 10 microns, 
occurring at y = 15 mm. Overall, the C-1 SMD profile has the same shape as the that for the A-2 
and C-5 fuels, but it is shifted slightly towards the centerline. The C-1 fuel droplets have similar 
SMDs to A-2 and C-5 at y positions greater than 12 mm above the centerline, but below 12 mm, 
the SMDs of C-1 are 10 to 15 microns smaller than those of A-2 or C-5. It is also notable that the 
maximum C-1 SMD has dropped by about 25 microns, bringing it in line with the SMDs of A-2 




Figure 3.10. Sauter mean diameter profiles (top) and representative cumulative density plots at 
representative locations (bottom). The cumulative density plots are plotted for the locations 






Figure 3.11. ASTM D2887 distillation curves for the three fuels tested. 
 
At 10 mm downstream of the deflector plate, C-1 and A-2 have similar SMD profiles, with 
a maximum difference of about 11 microns from y = 10 mm up to 22 mm. The profiles diverge at 
y positions above 22 mm, with the A-2 SMDs increasing slightly, while the C-1 SMD slowly 
decreases with increasing y position until it hits a minimum of 20 microns at 27 mm above the 
combustor centerline. The C-5 fuel droplets at 10 mm downstream of the deflector plate show a 
marked decrease in the fraction of droplets smaller than 20 microns in diameter as seen in the last 
row of Figure 3.10b. The s-curves for the C-5 distributions have shifted to the right both compared 
to the distributions upstream and compared to the other two fuels. Less than 2.5 percent of C-5 
fuel droplets measured 10 mm downstream of the deflector plate (at y = 5, 10, 15 mm) have 
diameter smaller than 20 microns. At those same locations, at least 40 percent of A-2 and at least 
57 percent of C-1 fuel droplets are smaller than 20 microns in diameter. The result of this absence 
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of small C-5 fuel droplets is an SMD that is 12 to 37 microns greater than the corresponding C-1 
or A-2 SMD. This indicates that small C-5 fuel droplets have almost completely evaporated 
between 5 mm and 10 mm downstream of the deflector plate. The small droplets are expected to 
evaporate first because they have a larger surface area to volume ratio than larger droplets. The 
vaporization of the small C-5 droplets before those of C-1 and A-2 is consistent with C-5’s flat 
boiling curve (0 to 95 percent distillation between 155°C and 165°C) [17], as shown in Figure 
3.11. The C-1, with a temperature at 10 percent distillation (T10) of 172°C and temperature at 90 
percent distillation (T90) of 240°C, and A-2, with a T10 of  149°C and T90  of 249°C, vaporize over 
a much wider range of temperatures than C-5 with a T10 of  156°C and T90  of 174°C [17, 33].  
One of the goals of this work is to observe any changes in the droplet distributions as the 
fuel flow rate is reduced closer to the LBO limit. To accomplish this goal, the spray droplet 
distributions are also measured at a nominal equivalence ratio of 0.090, and Figure 3.12 shows the 
SMD profiles of the A-2 and C-5 droplet distributions at the two measured equivalence ratios at z 
= 5 mm downstream of the deflector plate. The profiles are nearly identical at the two equivalence 
ratios with only a slight shift in the profile in the lower half of the combustor that is consistent 
across the two fuels. The 6.5% reduction in fuel flow rate is insufficient to produce changes in 
atomization or changes in the total heat release of the flame to change the vaporization of the spray 
droplets. With only 8.3% reduction in fuel flow rate to achieve the average LBO condition for C-
5 and 11.7% for A-2, the results suggest that the atomization and vaporization of the fuel is not the 
dominant mechanism in determining the LBO equivalence ratio. While little difference in the spray 
distributions is observed across the fuel flow rates, the similarity of the distributions does indicate 
that the measurement consistency is good, lending additional confidence in the measurements. 
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Figure 3.12. Comparison of SMD profiles for two fuels at two equivalence ratios at z = 5 mm 
downstream of the deflector plate, revealing that there is very little difference in the spray droplet 
diameter distribution (as summarized by the SMD) on approach to LBO 
 
3.3.3. Droplet Velocity Spatial Distributions 
In addition to droplet diameter, droplet radial velocity, axial velocity, and tangential 
velocity (with the approximation of axisymmetry) are also made. Figure 3.13 shows the A-2 fuel 
droplet mean axial, radial, and tangential velocity distributions versus y-position at various axial 
locations. Both the axial and radial velocity distributions are symmetric about the centerline, and 
the distributions broaden with increasing downstream location. One interesting feature present in 
radial velocity distributions is the near zero or slightly negative velocities near the inner edge of 
the spray cone. This indicates the presence of an inner recirculation zone, but very few droplets 
are present in the center as indicated by the low data collection rates near the centerline. As seen 
in Figure 3.13, the mean radial velocity profiles at 0 mm, 5 mm, and 10 mm downstream of the 
deflector plate are very similar to each other. At 25 mm and 35 mm downstream of the deflector 
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plate, the radial velocity profiles broaden and the maximum droplet velocities decrease. The axial 
velocity profiles at 5 mm and 10 mm for A-2 exhibit a sharp peak that roughly corresponds with 
the center of the spray as marked by the data collection rate. As with the radial velocity, the axial 
velocity profiles broaden and have a lower maximum value further downstream (25 mm and 35 
mm). The spread of the axial velocity distribution, as marked by the error bars in Figure 3.13, 
represents two standard deviations of the velocity distribution and tends to narrow with increasing 
y-position. The radial velocity distributions demonstrate increasing spread with an increase in the 
y-position. The reported tangential velocity profile, as shown in Figure 3.13d, is determined by 
scanning along the x-axis at y = 0 mm and using the vertical velocity. The tangential velocity 
exhibits a much more rapid decrease in magnitude with downstream position than the radial and 
axial velocity profiles; the mechanism that causes this rapid deceleration (compared to the axial 
and radial components) is unclear. 
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Figure 3.13. A-2 fuel droplet D32, mean radial, axial, and tangential velocity distributions. Error 
bars outline 2 standard deviations from the mean of the distribution, indicating the range of droplet 
velocities measured. 
 
A comparison of fuel droplet radial velocity for the different fuels is shown on the left in 
Figure 5 at 0 mm, 5 mm, and 10 mm downstream of the deflector plate, and a comparison of fuel 
droplet axial velocity at 5 mm is shown on the right in Figure 3.14. The radial velocity profiles for 
each fuel have a great deal of similarity across the fuels at each downstream position shown. The 
C-1 axial velocity profile is slightly different from that of C-5 and A-2, reaching its peak about 2 




Figure 3.14. Mean radial velocity profiles (left) and mean axial velocity profiles (right) for the 
three test fuels. Radial velocity is plotted as a function of y position at 0 mm, 5 mm, and 10 mm 
downstream of the deflector plate for each fuel. Axial velocity is plotted versus y position for each 
fuel 5 mm downstream of the deflector plate 
 
To compare the differences between the mean spray droplet velocity distributions on 
approach to LBO, the mean velocity profiles for two fuels are shown in Figure 3.15 at z = 5 mm 
downstream for ϕ = 0.096 and ϕ = 0.090. The mean velocity profiles, like the SMD profiles, exhibit 
very little change between the two equivalence ratios; the spray droplet velocities are not a good 
indicator of approach to LBO. 
 
Figure 3.15. Comparison of axial and radial velocity profiles for A-2 and C-5 at two equivalence 
ratios at z = 5 mm downstream of the deflector plate. Very little difference between the axial and 
radial velocity profiles is observed between the two equivalence ratios. 
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3.3.4. OH* Chemiluminescence Imaging 
Average OH* chemiluminescence images show significant differences in the flame 
structures of the different fuels as seen in Figure 3.16, along with the SMD distributions; the 
magnitude of the SMD for each measurement location is indicated by the size of the red circles. 
The averaged chemiluminescence images are normalized by the bit depth (4096 bits). The C-1 
flame has straight top and bottom edges, suggesting that the flame is stabilized on the spray edges, 
while the A-2 and C-5 flames have more rounded top and bottom edges. The flames for all three 
fuels demonstrate some amount of deviation from axisymmetry (larger flame lobe in the bottom 
half of the combustor); gravitational effects likely play some role this asymmetry. However, the 
A-2 flame has significantly more OH* emission in the lower half of the combustor than in the top 
half of the combustor. One explanation for C-1’s lower deviation from symmetry is that because 
of its lower CN, the flame anchors more closely to the spray zone, resulting in flame emission that 
looks largely like the spray cone. A possible explanation for C-5’s reduced deviation from 
axisymmetry compared to A-2 is that its flat boiling curve results in the fuel droplets evaporating 
rapidly as seen in the diameter cumulative distribution functions for z = 10 mm in Figure 3.10, 
creating a fuel vapor cloud that will be negligibly affected by gravity. A-2 has neither of these 
fuels’ extreme properties, allowing gravitational effects on the A-2 fuel droplets to play a larger 
role, which may result in more of the asymmetry seen in the A-2 OH* emission. 
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Figure 3.16. Average OH* chemiluminescence images. Average normalized OH* image of C-1 
(upper left), average normalized OH* image of A-2 (upper right), and average normalized OH* 
image of C-5 (lower). The droplet SMD distributions are plotted at their measurement location 
with the SMD magnitude indicated by size of the red circle. 
 
The C-1 OH* emission shows that the flame extends the least far downstream with most 
of the flame contained within 50 mm of the deflector plate, compared to 65 mm downstream for 
A-2 and 55 mm downstream for C-5. The C-1 droplet SMD profile at 10 mm downstream (the 




greater than 19 mm, corresponding to an absence of OH* emission at these locations. This 
indicates that outside of the main body of the flame, the smallest droplets do not evaporate. A 
comparison of the SMD profile and diameter histograms for C-5 at 10 mm downstream of the 
deflector plate show that the smallest droplets have already evaporated before reaching the body 
of the flame, which starts at about 15 mm downstream. The local minimum in the SMD distribution 
at z = 10 mm, corresponding to a y position of 17 mm for A-2 and C-5 and 15 mm for C-1 spatially 
correlates with outer edge of the flame structure, indicating that the flame is stabilizing on the 
interior of the spray cone. This is also evident in the comparison of the spray data collection rate 
for C-1 with the average C-1 flame structure, shown in Figure 3.17. For measurements where the 
data collection rate overlaps with the flame, the outer edge of the OH* emission spatially correlates 
with the inner edge of the high data collection rate region. The observable differences in flame 
structure, as marked by the averaged OH* emission, combined with the SMD distributions and 




Figure 3.17. Average OH* chemiluminescence image compared with the data collection rates for 
C-1 at a global equivalence ratio of 0.096. The size of the red circles scales with the data collection 
rate; the inner edge of spray cone, as marked by the data collection rate, spatially correlates to the 
outer edge of the average flame. 
  
3.3.4.1. Flame Dynamics of Alternative and Conventional Jet Fuel Spray Flames 
In addition to the differences in average flame shape exhibited by the flames of the three 
fuels tested, each demonstrated marked differences in the overall flame dynamics. A representative 
time series of OH* chemiluminescence images for the C-1 flame is shown in Figure 3.18 and for 
A-2 in Figure 3.19. C-5 exhibits two distinct combustion modes: a highly oscillatory, low average 
intensity mode and a more stable, high average intensity mode; these are shown in Figure 3.20 and 
Figure 3.21, respectively. The images are shown 0.20 ms apart (equivalent to a frame rate of 5 
kHz) to make motion between the frames more apparent. The same camera and intensifier settings 
are used for each set of imaging, so the relative OH* intensities reveal differences in the heat 
release rate of the flames. 
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Figure 3.18. OH* chemiluminescence imaging time series over 3 ms for C-1, which corresponds 
to an equivalent frame rate of 5 kHz. C-1 is a very stable flame that tends to stablize exclusively 




Figure 3.19. OH* chemiluminescence imaging time series over 3 ms for A-2, which corresponds 
to an equivalent frame rate of 5 kHz. A-2 stabilizes both on the inner edge of the spray cone and 




Figure 3.20. OH* chemiluminescence imaging for nearly one full period of the flame oscillation 
in the highly oscillatory combustion mode for C-5 
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Based on OH* chemiluminescence imaging, two flame stabilization modes are proposed: 
flame stabilization on the inner edge of the spray cone and the second in the recirculation zone 
closer to the centerline. C-1 only exhibits the first proposed stabilization mode as no recirculation 
of the hot products is evident in the high-speed imaging. A flame feature in the first stabilization 
mode, for C-1, is tracked as it moves downstream along the lower, inner edge of the spray cone in 
Figure 3.22. The images correspond to a frame rate of 20 kHz. 
 
 
Figure 3.22. Close-up time series images of the flame stabilized on the inner edge of the spray 
cone in the C-1 flame. This flame stabilization mode is present for all three fuels but is most easily 
recognizable for C-1 as it is the only flame stabilization mode present. 
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A-2 and C-5 exhibit both stabilization modes; however, the recirculation mode is much 
more apparent in the more stable, higher intensity C-5 combustion mode. A recirculation feature 
in the lower half of the A-2 flame is marked in Figure 3.23 with images corresponding to a frame 
rate of 20 kHz; the recirculation feature for A-2 undergoes much less displacement than the C-1 
spray stabilization feature over the same period. The lack of the recirculation stabilization mode 
for C-1 (DCN = 17.1) and the presence of the recirculation mode for A-2 (DCN = 48.3) and C-5 
(DCN = 39.6) suggest that the second mode is linked to the DCN. The proposed mechanism is that 
the higher reactivity for A-2 and C-5 allows the reaction of less favorable (i.e. too lean) fuel vapor-
air pockets to react, which recirculate back to the heat and ignite other fuel vapor-air pockets. 
 
 
Figure 3.23. Close-up time series images of the flame recirculation evident in the lower half of the 
A-2 flame; the blue and red regions marks flame features that all rotate counter-clockwise around 
the high-intensity flame feature at the center of the image. The marked yellow feature is part of 
the flame that is stabilized on the inner edge of the spray cone. 
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To produce the normalized intensity plots over time, shown in Figure 3.24, the images were 
cropped to a 400-pixel wide by 450-pixel high frame, centered around the centerline of the 
combustor. For each pixel in each image, the intensity is divided by the maximum bit depth of the 
camera output (4096) to produce a normalized pixel intensity. The mean of the normalized pixel 
intensity is calculated for each image, and a low-pass filter is applied to reduce noise. The 
normalized value is then plotted over time. 
  
 
Figure 3.24. OH* chemiluminescence normalized intensity (by the maximum possible intensity) 
over time. A-2 exhibits a relatively stable, higher intensity flame, C-1 exhibits a very stable, low 
intensity flame, and C-5 exhibits a highly oscillatory, high intensity flame. C-5 exhibits two 
combustion modes as well, evident in the first and second halves of the C-5 normalized intensity 
plot. 
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The mean of the normalized intensity over time is calculated to compare the relative OH* 
intensity and therefore the relative heat-release across the three fuels. The mean intensity for each 
of the three fuels are: 0.0968 ± 0.0243 for A-2, 0.0602 ± 0.0063 for C-1, and 0.0879 ± 0.0682 for 
C-5, where the uncertainty values represent two standard deviations. For A-2 and C-1, the 
fluctuations are 25.1% and 10.5% of the mean values, respectively, while they are 77.6% of the 
mean value for C-5.  
From the normalized intensity plots, there are two observed flame modes for the C-5 flame, 
one of lower average intensity with very strong oscillations and one of higher intensity with smaller 
oscillations. Omitting the transition region between the modes, the average value of the intensity 
in the first mode (from t = 0 ms to t = 55 ms) is 0.06357 ± 0.0658 (103.5% fluctuation) and the 
average intensity value of the second mode (t = 75 ms to t = 150 ms) is 0.1107 ± 0.0383 (38.3% 
fluctuation). Comparing the second mode for C-5 to the regular fluctuations of A-2 and C-1, it still 
undergoes greater fluctuation in intensity, but it is relatively stable compared to the first mode. The 
precise cause of the shift between relatively stable combustion and highly oscillatory combustion 
is unclear, although it is likely related to the flat distillation curve. 
The Fourier transform of each of the mean-subtracted normalized intensity plots is 
calculated to extract information about the flame oscillation frequency, and the magnitude is 
plotted in Figure 3.25. Each flame exhibits some oscillation at 264 Hz; while it is the dominant 
frequency for the A-2 and C-5 flame, it is almost non-existent in the C-1 flame. The magnitudes 
of the first harmonic oscillation show that C-5 has the highest amplitude oscillation, A-2 the next 
highest, and C-1, by far the lowest. For the C-5 flame, the second and third harmonics of the 264 
Hz oscillation are apparent in the frequency spectrum. This is consistent with the work of Monfort 
et al. [52] exploring thermoacoustic oscillation for an A-2 flame, which observed temperature, 
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pressure, OH*, and excited methylidyne radical (CH*) emissions at frequencies near: 250 Hz, 500 
Hz, and 800 Hz. Using a COMSOL simulation of the rig using heated dry air, they found that the 
acoustic mode most likely to be associated with unsteady heat release was at about 263 Hz. 
 
 
Figure 3.25. Fourier transforms of the mean-subtracted, normalized intensity over time for each of 
the fuels. Each flame exhibits a peak at 264 Hz, though the C-1 flame’s peak at 264 Hz is smaller 
than other peaks in the frequency spectrum. C-5 also exhibits second (528 Hz) and third harmonics 
(787 Hz) of the primary oscillation frequency. 
 
3.4. Conclusions 
A 2D PDA system is used to make measurements of fuel droplet diameters and velocities 
for Jet-A and two alternative jet fuels under the umbrella of the ASCENT’s NJFCP. Average OH* 
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chemiluminescence images are used to determine flame structure with the goal of correlating spray 
characteristics with flame location. All the measurements presented are at a combustor inlet 
pressure of 30 psia and temperature of 394 K with a 3 percent pressure drop across the swirler. 
The fuel is supplied at 322 K through a pressure atomizer to achieve a global equivalence ratio of 
φ = 0.096. The alternative jet fuels exhibit unusual properties: low CN for C-1 and flat boiling 
curve for C-5, and are compared to a baseline fuel, A-2, which is conventional Jet-A. Profiles of 
the SMDs reveal only minor differences between the fuels, with the most notable difference 
occurring for C-5 compared to the other two fuels. At 10 mm downstream of the swirler exit, C-5 
has an SMD between 12 and 37 microns greater than the corresponding points of A-2 and C-1, 
likely a result of its low-temperature, flat-boiling curve.  The axial and radial velocity profiles 
show great similarity between the fuels with near identical radial velocity profiles and only small 
differences in the axial velocity profiles. Additionally, the spray droplet diameter distributions and 
mean velocity profiles for C-5 and A-2 are compared at a global equivalence ratio of φ = 0.090 to 
examine spray atomization and vaporization changes on the approach to LBO. However, the 
measurements conducted at a single axial position (z = 5 mm) revealed almost no differences in 
either the SMD profiles or the mean velocity profiles. The observed differences in SMD profiles 
and mean velocity distributions between the fuels do not seem sufficient to explain the differences 
in LBO equivalence ratio [75].  
The OH* chemiluminescence imaging, conducted at 20 kHz, reveals some distinct 
differences in the flame structure and dynamics for each of the fuels. Two modes of flame 
stabilization are observed: the first on the inner edge of the spray cone and the second in the inner 
recirculation region, where hot products are heating and igniting recirculating fuel vapor-air 
pockets. C-1 exhibits only the spray stabilization mode, while A-2 and C-5 exhibit both. Analysis 
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of the frequency spectra of OH* for each of the fuels revealed heat release fluctuations at 264 Hz, 
which corresponds to pressure fluctuations observed for the same combustor in other work [52]. 
While the differences in spray droplet diameter and velocity distributions are small, the differences 
in flame structure and dynamics suggest differences in the rate-limiting physics between the three 
fuels, motivating further examination of the physics and related chemistry of swirl-stabilized spray 
flames near LBO. 
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Chapter 4. Ignition of Conventional and Alternative Jet Fuels at Altitude Conditions 
4.1. Introduction 
The testing of new alternative jet fuels in high-altitude relight scenarios is of interest to the 
aviation community for its application in the event of an engine-out condition requiring relight at 
relevant low temperature, low pressure conditions. As a matter of safety, European and American 
aviation regulatory agencies require that engines can be restarted at altitude in the event of engine-
out conditions [90, 91]. It is essential that new fuels perform as well as conventional fuels in a 
scenario where an engine needs to be restarted at high altitude. The lower temperatures and 
pressures at high altitudes result in a lower probability of spark kernel ignition and flame 
stabilization when compared to sea level conditions. A few of the causes of this reduced probability 
include slower chemistry, poorer atomization due to the higher fuel viscosity, slower vaporization 
due to the reduced vapor pressure of the fuel, and shorter spark kernel lifetime due to the 
entrainment of the lower temperature air. Studying the ignition probability in a controlled 
laboratory setting is an essential step to determining the rate-limiting physics of the ignition 
process at these conditions. 
Ignition in the combustor of a real gas turbine engine can be considered to occur in three 
distinct phases: formation and growth of the initial flame kernel, the stabilization of that flame 
kernel in the primary flame zone, and then the propagation of the stabilized flame to the other swirl 
cups in the engine [2]. The first process, a spark kernel encountering fuel droplets and then heating 
them until autoignition is possible, is inherently stochastic [92, 93]. Small changes in the flow 
field, droplet size, fuel-air mixture fractions, initial kernel temperature and velocity all interact and 
control whether a spark kernel initiates a flame kernel. Sforzo et al. [94, 95] examined the ignition 
probability of many of the conventional and alternative jet fuels studied in this work in a co-flow 
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facility to study the first phase of the ignition process. Examining the coupling of the first process 
with the second and third stages is much more challenging as the facilities required to simulate 
cold inlet and altitude conditions for gas turbine combustion experiments are expensive and present 
several design challenges; as a result, few organizations have the capability to make measurements 
at these conditions. Pucher and Allan [96] examined the ignition behavior of JP-4 and JP-8 at 
altitude conditions at the Royal Military College of Canada in a sector combustor based on a 
General Electric J-85 engine. The Rolls-Royce altitude research facility in Derby, United Kingdom 
has been used to characterize the formation of a flame kernel and transition to a stable flame using 
high-speed OH and kerosene PLIF and high-speed chemiluminescnece imaging for conventional 
kerosene fuels as well as synthetic kerosene fuels [97-102]. Hendershott et al. [103] made 
measurements of ignition probability under cold start conditions (i.e. low-temperature, 
atmospheric pressure) for the NJFCP fuels to examine the first and second stage coupling. 
Canteenwalla and Chishty [104] examined all three phases of ignition in a TRS-18 engine in a 
chamber capable of simulating altitude conditions up to 17,000 ft for the NJFCP fuels. This work 
seeks to examine the coupling of the first and second phases of the ignition process at altitude 
conditions corresponding to 10,000 ft. To study the effects of fuel differences in this high-altitude 
relight scenario, the ARC-L1, a gas turbine combustor sector rig, was designed and built with input 
from research scientists at engine companies as well as ARL. 
 
4.2. Experimental Methods: High-Altitude Relight Experiments 
The high-altitude ignition probability measurements were conducted at ARL at Aberdeen 
Proving Ground, Maryland; chapter 2 contains a more detailed description of the altitude chamber 
facility. The sector rig is operated inside of a high-altitude chamber with the chamber conditions 
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varying as shown in Table 4.1, with 30,000 ft being the highest altitude that the chamber is capable 
of simulating. Other studies have primarily used this altitude chamber as a platform for testing full 
engines [55, 56]; utilizing the altitude chamber as a sector rig testing platform is a novel use of this 
particular chamber. 
 
Table 4.1 Chamber air temperature and pressure as a function of altitude 
 
4.2.1. High-Altitude Ignition Probability Measurement Procedure 
Ignition probabilities for alternative and conventional jet fuels are measured in a gas turbine 
sector rig inside of a high-altitude chamber. Experiments are designed to simulate combustor 
relight at high-altitude conditions. Initial relight experiments were conducted at conditions 
representative of ambient air at 10,000 feet with an air mass flow rate of 136 g/s. This air flow 
mass flow rate resulted in a pressure drop across the swirler of 4.0%. The fuel is chilled by placing 
the fuel-holding vessel in the inlet air flow path, resulting in an average fuel injection temperature 
of -13 °C. The equivalence ratio is varied by changing the inlet fuel pressure, and fuel flow rates 
could be varied to achieve equivalence ratios from 0.6 to 1.0. This range of equivalence ratios was 
sufficient to span from no ignition to always igniting at a given test condition. Of the two available 
igniter locations, the downstream position is chosen, as shown in Figure 4.1, and is located 70.9 
mm downstream of the deflector plate and 20.3 mm off the centerline. A detailed description of a 
single test is provided in Chapter 2. 
Altitude (ft) Tair (K) Pair (kPa) 
0 288 101.3 
10,000 268 69.6 
20,000 249 46.6 
25,000 239 37.7 
30,000 229 30.2 
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Figure 4.1. Schematic of the two possible igniter locations relative to the deflector plate. For the 
experiments presented in this work, the downstream igniter location is used. 
 
4.2.2. Conventional and Alternative Jet Fuels Tested 
A total of five fuels were tested, all from the National Jet Fuel Combustion Program. Three 
conventional fuels, designated A-1 (JP-8), A-2 (Jet A), and A-3 (JP-5), represent current 
petroleum-derived fuels that are used in modern aircraft engines. Two category C fuels were tested 
as well, designated C-1 and C-3. C-3 is notable for its high viscosity, a parameter that is particularly 
important for atomization at these low temperatures. Relevant fuel properties for A-2 and C-1 are 
listed in Table 3.1 and properties for A-1, A-3, and C-3 are listed in Table 4.2 [33]. 
 
Table 4.2 Additional NJFCP fuel properties 











Viscosity @ -20°C 
(mm2/s)   
-20°C 
A-1 JP-8 48.8 43.2 152 1.99 3.5 
A-3 JP-5 39.2 42.9 166 1.89 4.7 
























A-1 13.6% 37.5% 26.1% 22.9% <0.1% 
A-3 20.4% 18.9% 13.4% 47.4% <0.1% 




During the ignition probability measurements, 20 kHz broadband and OH* 
chemiluminescence imaging is conducted to observe the formation, evolution, and stabilization of 
the ignition flame kernel. The emission of the excited state hydroxyl radical, OH*, is a good 
indicator of overall heat release rate of the flame. The chemiluminescence imaging is conducted 
using a high-speed camera (Photron SA-X2) coupled to a high-speed intensifier (LaVision IRO), 
fitted with a bandpass filter centered at 320 nm, with a full-width, half-max of 20 nm. The camera 
and intensifier are placed inside of an environmental box, as shown in Figure 4.2, to protect the 
equipment from the cold temperatures. An intensifier gate of 2 µs and a gain of 60% are used for 
the imaging. 
 
Figure 4.2. Photograph of the LaVision High Speed IRO and Photron SA-X2 inside of an 
environmental enclosure to protect the equipment from the cold temperatures and low pressures 
inside of the altitude chamber. 
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A photodiode, sampling at 24 kHz, is used to monitor the sparks and the flame; a sample 
photodiode trace of a successful ignition event is shown Figure 4.3. The spark emissions appear 
as sharp peaks, and the flame is observed as the slight increase in photodiode signal above the 
baseline between the sharp peaks. The signal from the peaks is separated from the flame for 
analysis, and the frequency of the sparks is calculated to be about 3.6 Hz.  
 
 
Figure 4.3. Example photodiode trace of sparks and a successful ignition. Orange lines mark the 
sparks, the red line marks the photodiode signal of the first two periods of the flame between 





Figure 4.4. Photograph of the exterior of the camera environmental enclosure and the ports in the 
stainless-steel blank that are used to make temperature and pressure measurements during the 
experiments. 
 
Additionally, the temperature and pressure at several points along the rig are measured; a 
photograph of the measurement ports in the ARC-L1 is shown in Figure 4.4. The four ports along 
the centerline are used to make an average measurement of the temperature of the air throughout 
the tests, as shown in Figure 4.5; the mean of the four air temperatures is the value that is reported 
for the air temperature at the altitude condition. The fuel temperature during the experiment is 
measured by a K-type thermocouple near the inlet of the combustor, and a sample fuel temperature 
plot is shown in Figure 4.6. The pressure and temperature are measured at 500 Hz, and the data 
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are output as an average of the collected data at about 1 Hz. The fuel temperature at the nozzle 
stabilizes after about 2 seconds of fuel flow as indicated by the fuel pressure spike.  
 
 
Figure 4.5. Thermocouple measurements along the centerline for a successful ignition for A-1 fuel at a 
global equivalence ratio of ϕ = 1.054. 
 
Figure 4.6. Fuel temperature measurement at the nozzle plotted with the fuel pressure measurement 
for a successful ignition for A-1 fuel at a global equivalence ratio of ϕ = 1.054. 
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4.3. Results and Discussion 
OH* chemiluminescence imaging at 20 kHz is used to characterize the growth of the initial 
flame kernel into a stabilized flame.  The flame kernel forms in the same spatial location where 
the spark is ejected from the igniter largely due to the high temperatures that heat and vaporize the 
droplets that reach the spark kernel. The flame kernel initially stabilizes in what appears to be a 
recirculation region at the top of combustor, just downstream of the igniter. The flame kernel grows 
in volume until it is able to propagate to the lower half of the combustor; it also simultaneously 
grows upstream in the top half of the combustor. Once the flame kernel stabilizes in the same 
recirculation zone in the bottom half of the combustor, it then propagates back to the primary zone 
and begins burning the fuel everywhere in the combustor. Two examples of the successful ignition 
process for A-1 at equivalence ratios of ϕ = 1.054 (the data corresponding to the tests shown in 
Figure 4.3, Figure 4.5, and Figure 4.6) and ϕ = 0.825 are shown in time-series of OH* images in 
Figure 4.7 and Figure 4.8, respectively. The time-series images are shown at 5 ms (Figure 4.7)  




Figure 4.7. OH* imaging of the growth of the A-1 kernel into a full flame at an equivalence ratio 
of ϕ = 1.054. Images shown at an interval of 5.0 ms, corresponding to a frame-rate of 200 Hz. 
 
Comparing the time-series of OH* images, the amount of time that it takes for the flame to 
propagate back to the primary zone is substantially longer for the ϕ = 0.825 case compared to the 
case ϕ = 1.054. The growth of the flame kernel in the recirculation zone just downstream of the 
the igniter is substantially slower. In Figure 4.7, the flame kernel has grown large enough to begin 
propagating to other regions of the combustor by t = 40.0 ms. Comparatively, this state is reached 
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by t = 80 ms in Figure 4.8. The slower growth of the flame kernel can likely by explained by the 
lower equivalence ratio with less fuel available to be vaporized and consumed. 
 
 
Figure 4.8. OH* imaging of the growth of the A-1 kernel into a full flame at an equivalence ratio 
of ϕ = 0.825. Images shown at an interval of 10.0 ms, corresponding to a frame-rate of 100 Hz. 
 
For each test, a photodiode trace like the one shown in Figure 4.3 is obtained, and the 
ignition probability is calculated based on this signal. A flame is considered to have stabilized 
92 
when the ratio of the absolute value of the integrated negative signal to the integrated positive 
signal is less than 1% for two consecutive periods between sparks. Two periods of consecutive 
flame are used to differentiate from the case where a kernel is sustained for the entirety of a period 
between sparks, but it does not propagate back to the primary flame zone. The number of sparks 
that do not result in a stable flame are counted along with the one spark that resulted in the stable 
flame. Even though sparking continued throughout the test, sparks after the one that is determined 
to have resulted in the stable flame are not counted in the total. The ignition probability for a single 
equivalence ratio for a single fuel is calculated by dividing the number of successful sparks by the 
total number of sparks. The ignition probability for all the fuels and equivalence ratios tested is 
shown in Figure 4.9 as well as the binomial regression fits calculated from the ignition 










  (4.1) 
 
where ( )P Ign  is the probability of successful ignition occurring on a given spark,   is the global 
equivalence ratio, and A  and B  are fitting parameters. 
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Figure 4.9. Ignition probability as a function of equivalence ratio for five jet fuels with the binomial 
regression fits plotted as dashed lines.  
  
Defining the ‘best’ fuel case as the fuel that has the highest ignition probability for each 
equivalence ratio, the fuels are ordered, from best to worst: A-1, C-1, A-2, A-3, and then C-3. 
From the binomial regression fits, the equivalence ratios at a single-shot ignition probability of 
1.6%, 8%, and 17.5% are calculated for each of the fuels (except for C-3, where only the 1.6% is 
reported). These single-shot ignition probabilities correspond to a 44%, 95%, and 99.9% 
cumulative ignition probability, respectively, over 10 seconds of sparking at 3.6 Hz (i.e. 36 sparks). 
These values are plotted against various important properties of each fuel to evaluate which fuel 




Figure 4.10. Equivalence ratio at 1.6% and 17.5% single-shot ignition probability plotted as a 
function of fuel kinematic viscosity and surface tension with the linear fits 
 
 
Figure 4.11. Ignition probability plotted as a function of temperature at 20% distillation and flash 




Figure 4.12. Scatter plot of equivalence ratio at two ignition probabilities for each fuel plotted 
against the CN. There is no correlation between the ignition probability and CN. 
  
From these correlations, it is clear that the fuel properties that best correlate with the ignition 
probability are those related to fuel volatility (e.g. flash point, temperature at 20% distillation) and 
spray atomization (e.g. viscosity, surface tension). Also, as shown in Figure 4.12, the equivalence 
ratio at two ignition probabilities have no correlation to CN, indicating that fuel reactivity occurs 
on a time scale that is relatively short compared to the heating and vaporization of the fuel droplets. 
The results presented in this work are consistent with the experiments of Hendershott et al. [103], 
who, with expanded capabilities of the NJFCP referee combustor, made measurements of ignition 
probability at atmospheric, cold start conditions. The effects of the fuel properties on the 
atomization and vaporization are captured only in the vaporization process, as this is what controls 
whether there is sufficient fuel in the vapor phase to auto-ignite. Atomization controls whether the 
fuel is distributed to the spark kernel as droplets with sufficiently small diameter; the larger surface 
area to volume ratio of smaller droplets results in a greater effective vaporization rate compared to 
large diameter droplets. The atomization is thus inherently linked to the effective vaporization rate. 
Also, while it is clear from the correlations that the chemistry is fast relative to the heating and 
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vaporization, fuel properties that affect spray atomization and vaporization tend to be correlated 
with each other, making it difficult to isolate the effects of the processes. Careful selection of fuels 
and conditions would be required in further experiments to determine the relative effects of the 
atomization compared to vaporization. 
 
4.4. Conclusions 
Ignition probability measurements are made for a range of conventional and alternative jet 
fuels on a swirl-stabilized combustor, modeled on the NJFCP referee combustor, in a high-altitude 
chamber. The combustor, the ARC-L1, was designed with input from engine OEMs to replicate 
key geometric features while still maintaining simplicity for easier machining and more convenient 
optical access than that of the referee combustor. From OH* chemiluminescence imaging at 20 
kHz, it is observed that the flame kernel initially stabilizes in the recirculation zone near the wall 
just downstream of the igniter. From there, it propagates to the lower half of the combustor and 
then back to the primary zone before spreading to the entire combustor. The equivalence ratios 
producing single-shot ignition probabilities that correspond to 44%, 95%, and 99.9% cumulative 
ignition probability are plotted against various fuel properties. These correlations show the 
strongest relationship between ignition probability and fuel properties that are related to 
atomization (viscosity, surface tension) and vaporization (temperature at 20% distillation, flash 
point). However, further work must be conducted to independently examine the effects of 
atomization compared to the effects of vaporization. 
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Chapter 5. Water Spray Breakup Characterization in the ARC-M1 
5.1. Introduction 
Fundamental studies of spray breakup in gas turbine combustors are important for 
developing an understanding of how nozzle geometry, operating conditions, and fuel properties 
affect the spray distribution. In a gas turbine combustor, the interaction of the multi-phase flow 
physics with both low and high temperature chemistry makes these very challenging systems to 
model. By decoupling the flow physics from the chemistry, the interaction of spray atomization 
and evaporation with a swirling flow field may be better understood. The spray far from the nozzle 
is best characterized using diagnostics like phase Doppler anemometry (PDA), which can yield 
diameter and velocity information. However, close to the nozzle, in the region where spray is still 
undergoing breakup, PDA breaks down as it has trouble penetrating denser sprays and relies on 
the assumption of sphericity, and a different diagnostic is required. X-ray techniques, such as 
phase-contrast imaging and x-ray radiography, are more useful in this region as it allows valid 
characterization of the spray near the nozzle.  
 
5.2. Experimental Methods: Water Spray Characterization in the ARC-M1 
To gain a better understanding of the atomization of the spray in the confined geometry of 
a model gas turbine combustor, x-ray phase-contrast imaging and x-ray radiography are employed 
to characterize a water spray in a helicopter-type gas turbine combustor, the ARC-M1. The ARC-
M1 has been designed and constructed to examine fuel effects across combustion regimes relevant 
to a variety of engine operation modes and flight conditions. The design of the ARC-M1 and the 
nominal operating capabilities are outlined in chapter 2. The primary differences between the 
configuration previously described and the configuration used for these experiments, shown in 
98 
Figure 5.1, are the full-width Kapton windows, which replace the fused silica windows, and that 
the nozzle is recessed from the surface of the deflector plate by 5 mm, which is more typical of a 
realistic gas turbine combustor. Thus, for this set of experiments, the water has already undergone 
some amount of breakup prior to entering the field of view. The combustor is placed with the flow 
direction towards the ground to simplify the collection and separation of the water from the exhaust 
air. 
 
Figure 5.1. The ARC-M1 gas turbine sector rig mounted on a traverse on the beamline 7BM-B for 
measurements of x-ray phase-contrast imaging and x-ray radiography 
 
For the current experiments, a pressure-swirl atomizing nozzle with a flow capacity of 0.6 
gallons per hour of water at 40 psi pressure differential is used to atomize the liquid. The 
atomization of the water is of primary interest, so the air flow rate is kept relative low to avoid 
water accumulating on the Kapton windows, and for the cases presented, no dilution air is used. 
The dome air mass flow rate for all cases air is 2.0 g/s.  A summary of the key operating conditions 
is shown in Table 5.1. The error bars represent instrument uncertainty as well as total variation 







Table 5.1.  ARC-M1 test conditions studied 




1 55.5 ± 0.1 45.4 ± 0.5 313 ± 3 
2 124 ± 0.4 61.7 ± 0.6 312 ± 3 
3 187.6 ± 0.2 75.4 ± 0.8 310 ± 3 
 
Two modes of measurement are used to characterize the spray: phase-contrast imaging and 
a time-resolved focused beam measurement. The white light imaging utilizes the entire width and 
height of the x-ray; the beam is passed through the combustor and onto a YAG:Ce scintillator 
crystal [105]. The scintillator crystal converts the x-rays to visible light [106], which is then re-
imaged onto a  high-speed camera (Photron SA-Z) using a reversed 50-mm Nikon f/1.2 lens and a 
105-mm Nikon f/1.4 lens, both focused at infinity. A schematic of the experimental setup for the 
phase-contrast imaging is shown in Figure 5.2. A camera resolution of 640 pixels wide by 280 
pixels high is utilized; this imaging setup yields a resolution of 0.0097 mm per pixel which yields 
a view field for the imaging in this work is 6.21 mm by 2.72 mm.  Phase-contrast imaging is 
conducted at 100 kHz and is synchronized with the x-ray output from the synchrotron and the 
mechanical chopper, which is utilized to prevent damage to the optical and other equipment from 
the unattenuated x-ray.  
Phase-contrast imaging relies on the differences in the indices of refraction between the 
fluid of interest (water) and the heated air. The gradients in the indices of refraction, primarily 
occurring at the boundaries between the two fluids (i.e. ligament and droplet surfaces), cause phase 
shifts in the x-ray beam, resulting in a Fresnel diffraction pattern [107]. After passing through the 
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combustor, the x-ray beam is allowed to freely propagate for about 1 meter before being imaged 
on the scintillator crystal [105]. Thus, the water spray passing through the beam can be tracked as 
it undergoes breakup in the high-speed images.  
 
 
Figure 5.2. Schematic of the phase-contrast imaging setup used at the beamline 7BM 
 
The second mode is time-resolved x-ray radiography, where the x-ray is focused down to 
conduct a line-of-sight absorption measurement. The focused beam measurement yields detailed 
absorption over time data, yielding information about the fluctuations in mass flux through the 
beam [59]. For these measurements, the focused beam has a spot size of 5.2 microns x 7.7 microns, 
full-width at half-max on the photodetector. Data are collected at 2.5 MHz on an oscilloscope. X-
ray radiography can also be used to obtain time-averaged information about spray structure across 
different inlet flow conditions. In this work, both methods are employed to characterize water 
spray breakup from a pressure-swirl atomizer in a sector gas turbine combustor across different 
liquid supply pressures and flow rates. 
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5.2.1. Analysis of Phase-Contrast Imaging 
Phase-contrast imaging is an extremely useful tool to characterize the breakup of the spray, 
but it is helpful to develop quantitative methods to determine the degree to which certain 
parameters, primarily liquid supply pressure affect the atomization. After the mechanical chopper 
passes through the x-ray beam, 1,750 frames of unobstructed imaging are collected for each 
condition. To process the images, a Matlab script is used to divide each image by its median pixel 
intensity to normalize the images for their shot-to-shot intensity fluctuations. A sample raw image 
is shown in the first frame of Figure 5.3 and the median normalized image is shown in the second 
frame. The median intensity of each pixel across all the images is then used to account for the x-
ray beam’s spatial intensity variation, and each image is divided by this median image to produce 
the image shown in the third frame. The image is then smoothed using a Wiener 2-D adaptive 
noise removal filter using a 4x4-pixel neighborhood; a sample resulting image is shown in the 
fourth frame of Figure 5.3. The image is then binarized using an adaptive thresholding algorithm 
with a sensitivity of 0.6095 with the result shown in the fifth frame. The binarization is then 
inverted and filtered to keep regions that are a minimum of 15 pixels in area, shown in the sixth 
frame. The 15-pixel area cutoff for the binarized droplet counting yields a minimum reported 
droplet diameter of 42.4 microns. A built in Matlab algorithm is then used to find information 
about each droplet: centroid location, area, and perimeter, as depicted in frame seven. Each frame 
is compared to the previous frame, and droplets that have similar area and perimeter in the nearby 
region are matched, shown in frame eight. From this information, displacement and velocity of the 
droplets is determined; the algorithm for matching droplets requires that they move downstream. 
In this case, this means that the displacement in the y-direction must be negative. 
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Figure 5.3. Image processing steps for calculating droplet diameters and displacements 
 
A droplet diameter for each marked fuel droplet region can be calculated from either the 
area or perimeter; however, due to the nature of the ligament breakup, the diameter calculated from 
area is expected to better capture the spray characteristics. Figure 5.4 shows the diameter calculated 
from the perimeter plotted against the droplet diameter calculated from the area with the theoretical 
line is shown. The minimum theoretical perimeter of a 2-D shape for a given area occurs when 
that shape is a circle; therefore, all the calculated diameters from the perimeter should lie above 
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the theoretical line. However, the algorithm used to calculate the perimeter, calculates the distance 
between the centroids of the pixels that form the edge of the region, while the area is simply the 
pixel count of the region. As a result, for droplets that are circular to within the level of the camera 
resolution, the diameter of the region calculated from the perimeter can be slightly lower than that 
calculated from the area. 
 
 
Figure 5.4. Diameter calculated from perimeter plotted against the diameter calculated from the 
area for each flow rate and liquid supply pressure with the theoretical line. 
 
One caveat for the diameter information presented is that the calculated diameters are used 
to represent the projected cross-sectional areas of liquid regions and does not distinguish between 
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the amorphous ligament sections and the spherical droplets. This analysis, while accurate to within 
the camera resolution for very spherical droplets, does not necessarily accurately capture the 
‘diameter’ liquid sections that are more amorphous. However, the conversion to diameters for the 
ligaments will still yield a useful measure of the degree of atomization and captures the size of the 
liquid regions present in the flow. 
 
5.2.2. Analysis of the X-ray Radiography 
To characterize the average structure of the spray distribution, the optical depth at each 
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  (5.1) 
where ( )I t  is the instantaneous measured intensity, and 0I  is the baseline intensity. One of the 
main challenges in collecting the x-ray radiography data for a spray in a confined geometry is that 
the liquid may accumulate in the x-ray beam path, on the windows for example. In these instances, 
the x-ray beam is substantially absorbed by the liquid on the windows, which has a much greater 
optical depth than the spray itself. A sample of unobstructed, partially obstructed, and nearly fully 
obstructed data collection is shown in Figure 5.5.  
A substantial number of data points had at least some portion of data collection period that 
was obstructed by water accumulation on the windows. To resolve this issue, any points with 
absorption of the beam greater than 25% of the baseline are omitted, and any measurement 




Figure 5.5. Sample plots of measured x-ray intensity on the photo detector as a function of time 
for a completely unobstructed point (left), a partially obstructed point (center), and a largely 
obstructed point (right) 
 
Calculation of the baseline intensity is made by using the assumption that the spray is dilute 
enough that the beam will be fully transmitted at a substantial number of measurement points. 
Figure 5.6 contains a good data sample along with a histogram of the measured data points. The 
most probable value, the peak on the left-hand side of the plot on the right, at about 4.25 counts is 
taken to be the mean baseline intensity for this condition. The optical depth over time is then 
calculated for each point based on this baseline intensity. The time-averaged optical depth is used 
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to report the spray structure to compensate for the reduction in collected data points due to the 
attenuation from droplets on the window. 
 
 
Figure 5.6. An example of good photo detector intensity data (left) and a histogram of the phot 




5.3. Results and Discussion 
5.3.1. High-Speed Phase-Contrast Imaging of Water in the ARC-M1 
The phase-contrast imaging and time-resolved x-ray radiography for the water spray 
presented in this work yield valuable insight into the nature of the spray breakup for a pressure-
swirl atomizing nozzle. High-speed phase-contrast imaging of water at the conditions outlined 
previously reveals differences in the breakup of the water spray with changing liquid supply 
pressure and flow rate. A time-series of images at the full frame rate for each of the water flow 
rates (and corresponding supply pressures) is shown in Figure 5.7 (55.5 psig), Figure 5.8 (124 
psig), and Figure 5.9 (187.5 psig). The top edge of the view field is aligned with the deflector plate, 
and the intersection of the centerline and the deflector plate is taken to be the origin. The y-axis is 
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along the flow direction and decreases along the axis of the flow, and the x-axis spans the width 
of the combustor. 
Examining the images, increasing liquid supply pressures results in enhanced atomization 
of the fluid with earlier breakup into smaller droplets. At the 55.5 psig supply pressure, ligaments 
are still undergoing primary breakup as they enter the field of view, and when they do finally 
breakup into individual droplets, the droplets are substantially larger than those seen at the higher 
supply pressures. At the 187.5 psig supply pressure, no visible ligaments pass into the field of 
view, and the droplets are already quite finely atomized. The middle supply pressure, 124 psig, 
shows the transition between the low and high flow rates. Any ligaments that enter the field of 
view are rapidly shredded into smaller droplets, though some larger droplets that survived the 
primary breakup process are still present. 
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Figure 5.7. Time-series of the phase-contrast imaging for the water at a flow rate of 45.4 g/min 
and supply pressure of 55.5 psig; this pressure differential results in relatively poor atomization of 
the droplets, which results in ligaments and large droplets passing through the imaging region. 
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Figure 5.8. Time-series of the phase-contrast imaging for the water at a flow rate of 61.7 g/min 
and supply pressure of 124 psig; this pressure differential results in finer atomization of the water, 
but some ligaments are still observed passing through the imaging region. 
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Figure 5.9. Time-series of the phase-contrast imaging for the water at a flow rate of 75.4 g/min 




Figure 5.10. Detailed time-series of the phase-contrast imaging for the water at a flow rate of 43.5 
g/min using every other image to increase the amount of motion between frames.  
 
Of interest in this work is the characterization of the breakup of the ligaments into 
individual droplets with the phase-contrast imaging. This process is clearest in the lowest liquid 
supply pressure as a large fraction of the water spray remains as ligaments through the field of 
view. A time-series of the spray at 55.5 psig supply pressure is shown in Figure 5.10 with the 
breakup of a single ligament highlighted. Through the third image, the ligament contains the 
distinctive wave-like character of a Plateau-Rayleigh instability, but it is still largely connected. 
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By the fourth frame, the ligament, particularly on the right side of the image, has begin to separate 
out into individual droplets. By the fifth frame, nearly all the ligament has divided up into 
individual droplets, though many are bulgy; these are either pulled by surface tension into a sphere 
or further ripped apart by the instability. 
To better quantify the breakup of the droplets, the velocities and diameters are calculated 
using the methods described previously. Figure 5.11 shows a cumulative distribution function of 
the measured droplet diameters for each of the measured liquid flow rates. With decreasing flow 
rate, the distribution shifts towards larger droplets, confirming what is qualitatively observed in 
the time-series images: that the lower supply pressures result in poorer atomization of the liquid. 
The numerical average diameter, D10, and Sauter mean diameter, D32, are plotted against the 
liquid flow rate in Figure 5.12. The average measures of droplet size do show the shift to larger 
droplets as the pressure drop across the nozzle and flow rate decreases. Additionally, the mean 
velocity magnitude plotted as a function of the fuel flow rate shows a decrease in velocity with the 
decreasing liquid supply pressure. 
 




Figure 5.12. Mean velocity magnitude and droplet numerical average (D10) and Sauter mean 
diameter (D32) plotted as a function of the water flow rate 
 
From the displacement and frame rate, the velocities of the droplets can be calculated. 
Histograms of the calculated droplet x-velocities and y-velocity magnitudes are shown in Figure 
5.13. The histograms show that with increasing liquid supply pressure, the distribution of droplet 
y-velocity magnitude shifts towards higher velocities. At the highest flow rate, the droplets have a 
relatively flat y-velocity magnitude distribution, with only a small peak at 16.5 m/s. The x-velocity 
distributions are centered at zero x-velocity and are relatively symmetric; with higher flow rate the 
distribution of x-velocities broadens, which is consistent with the expected trend of broadening of 
the spray cone with higher supply pressures. 
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Figure 5.13. Histograms of the calculated droplet x-velocities and y-velocity magnitude for each 
flow rate. 
 
From the x-ray radiography analysis presented previously, plots of the average optical 
depth distributions for each flow rate and liquid supply pressure are shown in Figure 5.14. The 
spray broadens with increasing downstream position, forming the exterior edges of the spray cone. 
115 
The dip in the average optical depth is consistent with the hollow cone of a pressure-swirl 
atomizing nozzle. The spray cone, indicated by the outer edges of the optical depth distribution, 
also broadens with increasing liquid supply pressure. This indicates that the tangential velocities 
in the interior of the nozzle’s swirl chamber are increasing with the increasing pressure differential; 
the result is the broadening of the spray as the centrifugal forces increase from the increased 
tangential velocity. While the tangential velocity cannot be captured directly, the increased 
centrifugal forces that result in an increase in the radial velocity are captured in the broadening of 
the x-velocity histograms shown in Figure 5.13. 
 
 
Figure 5.14 Average optical depth as a function of x-position for each measured downstream 
location at each liquid supply pressure. 
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5.3.2. Conclusions 
X-ray phase-contrast imaging and x-ray radiography are employed to examine the breakup 
of a water spray using a pressure-swirl atomizer in a single-sector, model gas turbine combustor. 
X-ray techniques are useful diagnostics for studying sprays near the tip of the nozzle, where the 
high spray density and low liquid sphericity make it challenging to implement more powerful 
techniques, like PDA. Phase-contrast imaging at 100 kHz is used to qualitatively examine the 
breakup of the water across three different liquid supply pressures. At the lowest pressure, 
ligaments frequently enter the field of view and break up into large droplets, while at the highest 
pressure, most of the water enters the view field already atomized (nozzle is recessed from the 
field of view by 5 mm). The atomization is quantified by binarizing the images and calculating 
droplet diameters from the area of the liquid regions. Measures of average droplet size confirm 
that the droplet size decreases as the supply pressure increases, and the droplet velocity magnitude 
also increases with increasing supply pressure. X-ray radiography is used to calculate the optical 
depth of the water spray across the three supply pressures. It shows that the spray cone broadens 
with increasing liquid supply pressure, which is consistent with the broadening of the x-velocity 
distribution with increasing supply pressure. While studying the water spray breakup was an 
essential first step in safely examining the effects of liquid pressure and liquid flow rate on 
atomization in a pressure-swirl atomizer, studies under more realistic conditions, using real fuels 
with heated air during combustion, is an important next step. 
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Chapter 6. Spray Breakup of Jet Fuels Under Combusting Conditions 
6.1. Introduction 
With the evidence that phase-contrast imaging and x-ray radiography provide powerful 
diagnostics for characterizing spray breakup from a pressure-swirl atomizing nozzle in a gas 
turbine combustor, the next step is to characterize differences in breakup behavior for jet fuels with 
different properties expected to govern spray behavior (e.g. viscosity and surface tension). A 
number of studies have utilized phase-contrast imaging to obtain time-resolved imaging of fuel 
sprays. Liu et al. [108] and Moon et al. [109] utilized phase-contrast imaging to study the 
morphology of diesel sprays. However, to the author’s knowledge, the x-ray phase-contrast 
imaging conducted for this work is the first conducted under combusting conditions. The heat 
release from the combustion causes changes in the flow velocity and temperature fields that affect 
the spray breakup and distribution. Additionally, determining the effects of spray breakup for a 
variety of fuels on the combustion efficiency for fuels with very different spray properties is of 
interest. Phase-contrast-imaging of the spray breakup under combusting conditions provides 
valuable insight into the driving mechanisms and fuel properties that affect those mechanisms 
under more realistic gas turbine conditions. 
 
6.2. Experimental Methods 
6.2.1. ARC-M1 Operating Conditions 
The primary modifications made to the combustor from the x-ray measurements of the 
water spray are that the combustor is now utilized in a horizontal flow configuration, the nozzle 
used is the generic pressure-swirl atomizer with flow capacity 0.3 gallons per hour at a 40 psi 
pressure differential, and it has been positioned such that it is flush with the deflector plate so that 
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the spray breakup at the nozzle may be observed. During measurements of the spray breakup, the 
ARC-M1, shown in Figure 6.1, is operated at steady-state combusting conditions, which are varied 
to assess the effect of fuel viscosity, fuel flow-rate, and inlet temperature on the breakup of the 
spray. The fuels utilized for these experiments are A-2 and C-3, whose properties are listed in 
chapter 4. The primary objective of this work is to examine the effects on spray breakup for fuels 
with normal viscosity (A-2) and high viscosity (C-3). At the temperature at the inlet of the 
combustor (298 K), the kinematic viscosity of A-2 is 1.66 mm2/s, and the kinematic viscosity of 
C-3 is 2.3 mm2/s. A summary of the tested operating conditions is shown in Table 6.1. The error 
bars include the measured variation in the conditions as well as experimental uncertainty. 
 
Table 6.1. Summary of ARC-M1 operating conditions with error bars that represent 
Fuels C-3, A-2 
Air Preheat Temperature 323 ± 2.5 K, 370 ± 3 K 
Main Air Flow Rate (g/s) 17.0 ± 0.7 
Dilution Air Flow Rate (g/s) 8.6 ± 0.6 
Fuel Flow Rate (g/min) 16.2 ± 0.7, 20.5 ± 0.9, 24.1 ± 0.9 
Equivalence Ratio 0.162 ± 0.007, 0.205 ± 0.009, 0.241 ± 0.001 
Pressure Drop Percentage 3% 
 
 
Figure 6.1. Photograph of the ARC-M1 as mounted at the Advanced Photon Source Beamline 7-
BMB while combusting 
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Phase-contrast imaging is conducted using a Photron SA-Z, which images a YAG:Ce scintillator 
crystal with a backwards Nikkor 50mm f/1.2 lens and a forward Nikkor 105mm f/1.4 lens with 
both lenses focused at infinity at a frame rate of 90,517 Hz. The field of view is calculated to be 
6.2 mm x 2.7 mm with a resolution of 0.0097 mm/pixel. The frame rate used in these experiments 
is slightly different from the phase-contrast imaging conducted in chapter 5 due to the change in 
operating mode of the synchrotron source. To prevent damage to the optical and other equipment 
during the experiment, a mechanical chopper is used to attenuate the x-ray beam, allowing the x-
ray to pass for short periods of time. The camera is synchronized to the x-ray emission of the 
synchrotron.  
 
6.3. Results and Discussion 
6.3.1. Fuel Spray Breakup Process in a Pressure-Swirl Atomizing Nozzle 
To better understand the fuel spray breakup upon injection from a pressure-swirl 
atomizer, phase-contrast imaging of the fuel is utilized. The image processing steps described in 
detail in chapter 5 are again employed here to both produce the time-series images and the 
droplet diameter and velocity information. To produce the time-series images shown below, 
three sets of images are taken: one at the combustor centerline, one 2.5 mm above the centerline, 
and one 2.5 mm below the centerline. The images are then stitched together by cropping the 
center image by 10 pixels (about 0.1 mm) off the top and bottom. The resulting stitched images 
are not simultaneous between the three sections.  A time-series of phase-contrast imaging is 
obtained for each fuel: A-2 (normal viscosity fuel) and C-3 (high viscosity fuel) at two 
representative fuel flow rates: 16.2 g/min (34.5 psig) and 24.1 g/min (67.3 psig). Images for each 
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condition are shown in Figure 6.2, Figure 6.3, Figure 6.4, and Figure 6.5  at an equivalent frame 
rate of 30,172 Hz to make the motion between frames more apparent. 
A comparison of the fuel sprays at the highest and lowest flow rates reveal a significant 
difference in levels of atomization within a single fuel. At the higher fuel pressures and flow rates, 
the ligaments are greater in number and tend to be much finer. The smaller ligament thickness 
means that there is less fluid across which Plateau-Rayleigh instability needs to open a gap. Also, 
the lower ligament thickness tends to result in smaller droplets as the ligament breaks apart. In 
each of the figures showing the time-series of images, there is a level of asymmetry in fuel spray 
distribution with substantially more fuel sheets in ligaments in the bottom half of the images. 
However, at the higher flow rates, the spray asymmetry appears to decrease. 
Figure 6.6 shows a side-by-side comparison of the two fuels at the same fuel flow rate of 
16.2 g/min. Qualitative differences between the two fuels’ levels of atomization are readily 
apparent in the two regions outlined: near the nozzle (red ovals) and just downstream of the initial 
breakup of the large sheets into large drops and ligaments (yellow ovals). Near the nozzle, the 
ligament trains are substantially longer and more inter-connected for C-3 than those observed in 
the A-2 spray; the higher viscosity tends to dampen the Plateau-Rayleigh instability, leading to the 
delayed breakup. Further downstream, after the breakup of the sheets into ligaments, the yellow 
outlined region in the C-3 spray contains a small ligament (or large bulging droplet) that remains 




Figure 6.2. X-ray phase-contrast imaging time series of A-2 at 16.2 g/min with 100°C preheat air 
temperature. Every third frame is shown to better visualize the spray motion for an equivalent 




Figure 6.3. X-ray phase-contrast imaging time series of A-2 at 24.1 g/min with 100°C preheat air 
temperature. Every third frame is shown to better visualize the spray motion for an equivalent 
frame rate of 30,172 Hz. 
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Figure 6.4.X-ray phase-contrast imaging of the C-3 fuel at a fuel flow rate of 16.2 g/min with a 
100°C preheat. Every third frame is shown to better visualize the spray motion for an equivalent 
frame rate of 30,172 Hz. 
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Figure 6.5. X-ray phase-contrast imaging time series of C-3 at 24.1 g/min with 100°C preheat air 
temperature Every third frame is shown to better visualize the spray motion for an equivalent frame 
rate of 30,172 Hz. 
125 
 
Figure 6.6. Comparison of the time-series images for C-3 and A-2 at a fuel flow rate of 16.2 g/min 
at 100°C preheat temperature 
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To quantify the observed qualitative differences between the flow rates and the fuels, the 
mean velocity magnitude of the droplets is calculated according to the image processing steps 
detailed in chapter 5, though only the centerline image set is used. The mean velocity magnitude 
decreases with decreasing flow rate for all conditions, but there is very little difference in the mean 
velocity between the fuels with a given air preheat temperature. However, the increase in preheat 
temperature from 50°C to 100°C results in an increase in the mean velocity of about 1 m/s for all 
fuel flow rates. The viscosity differences between the fuels at a given preheat temperature do not 
dramatically affect the discharge velocity from the nozzle. 
 
 
Figure 6.7. Mean magnitude of velocity plotted against fuel flow rate for each fuel and preheat 
temperature 
 
 To calculate the numerical average of the droplet diameter, D10, and the Sauter mean 
diameter, D32, the diameter calculated from the area is used. The D10 measured for each fuel at 
each condition is plotted against fuel flow rate in Figure 6.8, and D32 is plotted in Figure 6.9. 
Overall, the average diameter and the SMD increase with decreasing flow rate. Both average 
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diameter measures are substantially lower for the higher preheat temperatures, and C-3 has larger 
average diameters than A-2 at all flow rates and preheat temperatures. This indicates that the higher 
viscosity of the C-3 fuel substantially retards the atomization process even though it plays very 
little role in reducing the mean velocity magnitude. The effect of the viscosity and fuel pressure 
(flow rate) on the trends observed is consistent with equation (1.8), presented by Lefebvre [2]. 
 
Figure 6.8. The numerical diameter average, D10, plotted against fuel flow rate for each fuel and preheat 
temperature. 
 
Figure 6.9. The D32 calculated at each fuel flow rate for each fuel at each preheat temperature. 
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Approximating the fuel properties the same as those at the inlet to the combustor (25°C), 
the average Weber number of the spray distributions collapses each of the two air preheat 
temperatures and fuels to a single line as shown in Figure 6.10. However, the average Weber 
numbers of the distributions are far below the critical Weber number proposed for secondary 
breakup (We = 12).  
 
 
Figure 6.10. The mean Weber number plotted against fuel flow rate for each fuel and each preheat 
temperature 
 
Using an ANSYS Fluent simplified model of a steady-state co-flow of heated air around 
the tube that carries the fuel (like that in the ARC-M1), the fuel temperature at the nozzle as well 
as the corresponding fuel viscosities at the extreme operating conditions are determined and 
reported in Table 6.2. Based on the simulations, the fuel temperature increases by between 4 K 
and 15 K, but for all the predicted nozzle temperatures, A-2 has a lower kinematic viscosity than 
C-3. It is calculated that the maximum difference in viscosity within a single fuel is 0.41 mm2/s, 
while the minimum difference at a given temperature between the viscosity of the two fuels is 0.48 
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mm2/s. If the change in kinematic viscosity due exclusively to the additional preheat increasing 
the temperature of the fuel was the driving factor in the decrease in the mean droplet sizes, then 
for the same flow rate, A-2 should have smaller average droplets than C-3, across the preheat 
temperatures studied. However, C-3, at the high preheat, has smaller average droplet sizes than A-
2 at the low preheat, indicating that the increase in preheat, leads to an additional mechanism that 
improves breakup. The heat release from the combustion clearly plays a major role in the 
atomization through additional preheating of the fuel. 
 
Table 6.2. Average nozzle temperature and viscosity at the simulated nozzle temperature for each 
fuel at each preheat temperature at the highest and lowest flow rates 











16.2 323 303.1 1.50 2.11 
16.2 373 313.3 1.28 1.76 
24.1 373 308.4 1.38 1.92 
24.1 323 301.5 1.54 2.17 
 
One possible hypothesis is that the higher preheat improves combustion efficiency, which 
heats the nozzle body and incoming fuel to temperatures higher than those in the Fluent model. A 
combustion efficiency, combustion , can be calculated simple steady-state energy balance: 
 ( ) ( )air p inlet inlet p outlet outlet fuel C combustionm c T T c T T m H 
       (6.1) 
where airm  is the air mass flow rate, pc  is the specific heat of air at constant pressure as a function 
of temperature, 
CH
  is the heat of combustion for the fuel, and fuelm  is the mass flow rate of fuel. 
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The calculated combustion efficiencies from the plenum temperatures, combustor temperatures, 
and fuel flow rates are plotted in Figure 6.11. 
 
 
Figure 6.11. Combustion efficiency plotted as a function of fuel flow rate for each fuel and preheat 
temperature 
 
 While the overall combustion efficiencies that are reported are relatively low, they do not 
account for heat losses to the room, and the combustor is optimized for optical access rather than 
aerodynamics. Both fuels demonstrate a marked increase in the combustion efficiency with 
increased preheat temperature, likely due to improved vaporization, which couples with the 
improved atomization through further preheating of the fuel. C-3 has a relatively flat combustion 
efficiency curve for each preheat temperature, even having a higher calculated combustion 
efficiency at the high preheat and lowest flow rate despite the poor observed atomization. A-2, on 
the other hand, demonstrates a monotonically increasing combustion efficiency with increasing 




X-ray phase-contrast imaging is conducted at 90,517 Hz on a fuel spray to characterize the breakup 
of the bulk fuel into ligaments and then individual droplets under combusting conditions. Phase-
contrast imaging is used to qualitatively assess spray breakup for two fuels: A-2, which represents 
a normal viscosity fuel, and C-3, which represents a high viscosity fuel. The two fuels are tested 
at three flow rates and two air inlet preheat temperatures. Time-series images of the fuels show 
that atomization of the fuel occurs much more rapidly with thinner ligaments being rapidly 
shredded at the high fuel pressures, while ligaments take longer to break up at the lower fuel 
pressures. The high viscosity fuel is qualitatively observed to have markedly longer ligaments and 
larger diameters of the droplets after the primary breakup than the normal viscosity fuel. The same 
image processing and quantification strategy to assess spray breakup as for the water spray 
measurements is employed. The mean droplet velocity magnitudes decrease with decreasing 
supply pressure and fuel flow rate, but there is no observed difference in the droplet velocity 
magnitudes between the two fuels for a given preheat temperature. The increase in preheat 
temperature from 50°C to 100°C results in an increase in the mean droplet velocity magnitude and 
a decrease in numerical average and SMD, meaning atomization improves. The high viscosity fuel 
was found to have larger average diameters at each test condition than the normal viscosity fuel. 
The effect on atomization from the increased preheat temperature was found to have a much 
greater effect on change in mean droplet sizes than the difference in the viscosities of the fuels at 
the same condition. Comparing this to a simulation of the preheating of the fuel simply from the 
heated air co-flow at the inlet, in the absence of combustion, the difference in viscosity between 
A-2 and C-3 was found to be greater than the largest change in viscosity from differences in fuel 
preheating within a single fuel. The increased preheat is found to enhance the combustion 
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efficiency, which is hypothesized to couple with the improved atomization due to the higher 
combustion temperatures. Therefore, examining spray atomization and breakup under realistic 




Chapter 7. Conclusions and Future Work 
7.1. Conclusions 
To better assess the viability of newly developed alternative jet fuels for use in current gas 
turbine engines, it is important to fundamentally understand what fuel properties govern whether 
an alternative fuel will behave similarly to a conventional petroleum-derived fuel. Fundamental 
experiments conducted in three different laboratory-scale, single-cup, swirl-stabilized combustors 
are used to study the effects of fuel on gas turbine combustion systems at relevant inlet conditions 
where differences between fuels are expected to be most apparent. 
The first area of interest is combustor operation near the LBO limit, where fuel flow rate 
decreases to the point where the flame is extinguished. In experiments near LBO, a 2D PDA system 
is used to make measurements of fuel droplet diameters and velocities for Jet-A and two alternative 
jet fuels under the umbrella of the ASCENT’s NJFCP. Average OH* chemiluminescence images 
are used to determine flame structure with the goal of correlating spray characteristics with flame 
location. Measurements are made during steady-state combustion with a combustor inlet pressure 
of 30 psia, temperature of 394 K, and a 3 percent pressure drop across the swirler. Two alternative 
jet fuels are studied and exhibit unusual properties: low CN for C-1 and flat boiling curve for C-5. 
These are compared to conventional Jet-A, designated A-2. Profiles of the SMDs reveal only minor 
differences between the fuels, with the most notable difference occurring for C-5 compared to the 
other two fuels. The axial and radial velocity profiles show great similarity between the fuels with 
nearly identical radial velocity profiles and only small differences in the axial velocity profiles. 
Additionally, the spray droplet diameter distributions and mean velocity profiles for C-5 and A-2 
are compared at a global equivalence ratio of φ = 0.090 to examine spray atomization and 
vaporization changes on the approach to LBO. However, the measurements conducted at a single 
134 
axial position (z = 5 mm) revealed almost no differences in either the SMD profiles or the mean 
velocity profiles at the two equivalence ratios. The observed differences in SMD profiles and mean 
velocity distributions between the fuels do not seem sufficient to explain the differences in LBO 
equivalence ratio. The OH* chemiluminescence imaging, conducted at 20 kHz, reveals some 
distinct differences in the flame structure and dynamics for each of the fuels. Two modes of flame 
stabilization are observed: the first on the inner edge of the spray cone and the second in the inner 
recirculation region, where hot products are heating and igniting the recirculating fuel vapor-air 
pockets. C-1 exhibits only the spray-edge stabilization mode, while A-2 and C-5 exhibit both. 
While the differences in spray droplet diameter and velocity distributions are small, the differences 
in flame structure and dynamics suggest differences in the rate-limiting physics between the three 
fuels, motivating further examination of the physics and related chemistry of swirl-stabilized spray 
flames near LBO. 
The second area of focus of this work is on the performance of jet fuels in high-altitude 
relight scenarios. Ignition probability measurements are made for a range of conventional and 
alternative jet fuels on a swirl-stabilized combustor, modeled on the NJFCP referee combustor, in 
a high-altitude chamber. The combustor, the ARC-L1, was designed with input from engine OEMs 
to replicate key geometric features, while still maintaining simplicity for easier machining and 
more convenient optical access than that of the referee combustor. From OH* chemiluminescence 
imaging at 20 kHz, it is observed that the flame kernel initially stabilizes in the recirculation zone 
near the wall just downstream of the igniter. From there, it propagates to the lower half of the 
combustor and then back to the primary zone, which signifies combustor ignition. Correlations 
show the strongest relationship between ignition probability and fuel properties related to 
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atomization (viscosity, surface tension) and vaporization (temperature at 20% distillation, flash 
point). 
The final area of focus of this work is an examination of spray breakup of fluids with varied 
properties. X-ray phase-contrast imaging and x-ray radiography are employed to examine the 
breakup of a water spray from a pressure-swirl atomizer in a single-sector, model gas turbine 
combustor. X-ray techniques are useful diagnostics for studying sprays near the tip of the nozzle, 
where the spray is too dense for more powerful techniques, like PDA, to be effective. Phase-
contrast imaging at 100 kHz is used to qualitatively examine the breakup of the water across three 
different liquid supply pressures. At the lowest pressure, ligaments frequently enter the field of 
view and break up into large droplets, while at the highest pressure, most of the water enters the 
view field already atomized (nozzle is recessed from the field of view by 5 mm). The atomization 
is quantified by binarizing the images and calculating droplet diameters from the area of the liquid 
regions. Measures of average droplet size show that the droplet size decreases as the supply 
pressure increases, and the droplet velocity magnitude also increases with increasing supply 
pressure. X-ray radiography is used to calculate the optical depth of the water spray across the 
three supply pressures. It shows that the spray cone broadens with increasing liquid supply 
pressure, which is consistent with the broadening of the x-velocity distributions with increasing 
supply pressure. While studying the water spray breakup was an essential first step in safely 
examining the effects of liquid pressure and liquid flow rate on atomization, studies under more 
realistic conditions are required to assess the differences in spray breakup across different fuels. 
To examine the difference between fuels with different properties, X-ray phase-contrast 
imaging is conducted at 90,517 Hz on a fuel spray to characterize the breakup of the bulk fuel into 
ligaments and then individual droplets under combusting conditions. Phase-contrast imaging is 
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used to qualitatively assess spray breakup for two fuels: A-2, which represents a normal viscosity 
fuel, and C-3, which represents a high viscosity fuel. The two fuels are tested at three flow rates 
and two air inlet preheat temperatures. Time-series images of the fuels show that atomization of 
the fuel occurs much more rapidly with thinner ligaments being rapidly shredded at the high fuel 
pressures, while ligaments take longer to break up at the lower fuel pressures. The high viscosity 
fuel is qualitatively observed to have markedly longer ligaments and larger diameters of the 
droplets after the primary breakup than the normal viscosity fuel. The same image processing and 
quantification strategy to assess spray breakup as for the water spray measurements is employed. 
The mean droplet velocity magnitudes decrease with decreasing supply pressure and fuel flow 
rate, and there is no observed difference in the droplet velocity magnitudes for a given preheat 
temperature. The increase in preheat temperature from 50°C to 100°C results in an increase in the 
mean droplet velocity magnitude and a decrease in numerical average and SMD, meaning 
atomization improves. The high viscosity fuel was found to have larger average diameters at each 
test condition than the normal viscosity fuel. The effect on atomization from the increased preheat 
temperature was found to have a much greater effect on change in mean droplet sizes than the 
difference in the viscosities of the fuels at the same condition. Comparing this to a simulation of 
the preheating of the fuel simply from the heated air co-flow at the inlet, in the absence of 
combustion, the difference in viscosity between A-2 and C-3 was found to be greater than the 
largest change in viscosity from differences in fuel preheating within a single fuel. The increased 
preheat is found to enhance the combustion efficiency, which is hypothesized to couple with the 
improved atomization due to the higher combustion temperatures. Therefore, examining spray 
atomization and breakup under realistic combusting conditions for relevant fuels is important as it 
directly couples with the atomization of the fuels. Overall, this work provides valuable insight into 
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the effects of fuel properties on combustor performance, which provide valuable tools that can be 
used to expedite the approval of new alternative jet fuels. 
 
7.2. Future Work: Characterization of Jet Fuel Spray Flames in the ARC-M1 
To better characterize the performance of alternative jet fuels in gas turbine relevant 
conditions, better characterization of the flow field and the flame dynamics in the ARC-M1 is 
required. One avenue of study to help us to better understand reactant preheat zones, reaction 
zones, and product zones in a realistic gas turbine sector rig is to use simultaneous multi-species 
planar laser-induced fluorescence (PLIF) for varied jet fuels using a 10 Hz Nd:YAG and dye laser 
for excitation. Formaldehyde (CH2O) would be targeted to image the reactant preheat zones, 
hydroxyl radical (OH) would be targeted to image product zones, and methylidyne radical (CH) 
would be used to image the reaction zone. High-speed stereo-PIV in the ARC-M1 can be used to 
better characterize the highly three-dimensional flow field. Using a double-pulsed Nd:YAG laser 
at 10 kHz, three-component velocity measurements of non-reacting flow can be used to 
characterize the flow field, including the recirculation zones, which are essential for maintaining 
a swirl-stabilized flame. 
The strong correlation between LBO equivalence ratio and the CN, shown in chapter 3, 
demonstrates that the fuel reactivity clearly plays a major role in the LBO process. However, the 
correlation is largely dominated by Gevo alcohol-to-jet fuel, which is 100% of C-1 and 40% of 
(C-4), the two fuels at the low end of the CN range. To probe the effect of CN on LBO while 
keeping other fuel properties the same, ARL has developed a range of targeted CN fuels based on 
Jet-A. High-speed OH* chemiluminescence imaging and high-speed OH PLIF of targeted CN 
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fuels at lean blowout in the ARC-M1 can be used to examine the mechanism by which flames for 
these fuels blow out. 
In addition to the x-ray phase-contrast imaging of the combusting fuel spray presented in 
chapter 6, x-ray radiography was also attempted. However, between the strong density gradients 
and soot, only very low signal-to-noise ratio was possible. X-ray fluorescence measurements, 
which allow for much higher signal-to-noise ratio, coupled with high-speed pressure 
measurements, on a combusting swirl-stabilized jet fuel spray flame in the ARC-M1 would allow 
point measurements of the fuel spray concentration to be made. These measurements can be 
conducted at more realistic combustor inlet pressure and temperature conditions (2-5 atm, 400 K 
inlet). These experiments would allow for a quantitative examination of the effects of fuel variation 
on spray breakup and near-nozzle spray distribution as well as effects on combustion stability.  
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Appendix A: Standard Operating Procedure for the ARC-M1
 The full standard operating procedure for the ARC-M1 is available as a supplemental file. 
It details the startup, safe operation, and shutdown of the ARC-M1 as it was used during 
combustion testing at Argonne National Laboratory. Detailed diagrams of the electrical and 
pressurized fluid systems are also included. 
